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PREFACE 


SiN(’K TTiR FIRST EDITION of tliis (IraiiiJii^e haiulliook api)oaro(l iioai ly a 
(iiiarter eontury ago, under the title of Handbook of Cabrrt and Drain- 
ag( Practice, ticinendous eliani^es liave taken plaee in (*n^:ineerinK eon- 
stiaietion—in materials, products and methods. 

A\’hat is written today by enij;ineers is more ol a hacKsig^ht or a 
bench mark from which to measure future proi»;n‘ss. Armco eni 2 ;in(‘(‘rs 
throuj^hoiit the world have contributed ol their e\p(‘rience and kno\\> 
how to make tins the only book of its kind. As before, it was prepared 
for enj’ineers in jirivate practice and ]>ublic service as w('ll as for 
students in municipal, highway, railway and other branches of eni;in- 
ecMiiij*;. 

The following table of conteiits (piickly rexTals the wide scope' of 
this handbook. Most of the chajiters are briefly summarize'd to enable 
the user to conserve liis time in searchinj; for information. The lnd(‘\ 
has been carefully ])lanned for the same purpose. All illustiations 
are rc'ferned to in the text, thereby helping, to clarify many points. 

Acknowle(li>;ment is made to the various enj;ineeriiiii; societies and 
journals, text-book writers, enji;ineerin^ college experiment .stations 
and to others for .source material. Thanks is extended to the various 
cn^inec'iin^ authorities who i;ave of their tinu' to review’ the t(*\ts 
and w ho ofh'ied valuable sui>;i<e.stions. 

Special acknowdedj*;mcnt is made to the Armco I)rainaj»e Mii^in(‘ej-.s 
who wrote the chapters on which they w’ere best versc'd, im-ludim; 
Cl. E. Shafei', J. M. Robertson, W. T. Adams, II. 1.. White, M. H. 
Bailey, R. L. Mueller, W J. Kropf and W. H. Roof. All of the Armco 
l)r!iinap,e Division Engineers aided by their review’ of the cojiy, but 
spc'cial help was given by J. E. Kunkk'r, R. X. lhacy (dec(‘a.s(‘d), 
K. E. Sej)j)a and T. A. Hither. 

Your helj) in sugge.sting cliange.'^ or imiinwements for future* 
editions w ill be greatly appreciattMl. 

W. II. Spindleh, Editor 

MARKET DEVELOPMENT DIVISION 

ARMCO .STEEL CORPORATION 
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INTRODUCTION 


Development of Modern Construction 

Onk of thf most significant clianges in the construction field during the past half 
century has been the swing from heavy, massive materials to lighter weight but 
stlonger flexible materials. Fifty to 100 years ago the engineer and builder had but 
little choice. To cite a few examples: 

Timber: Large timbers were plentiful and skilled labor was available for converting 
them into covered bridges, high trestles, buildings, foundation grillages and many 
other structures. 

Stone: Pipe culverts were practically unknown. Not only culverts but many 
large bridges weic built of stone because of its availability and because labor was 
plentiful and cheap. Tunnels, too, were lined with stone. Nowadays stone is used 
more for adornment than as the basic structure. 

Brick: Seweis and culverts of brick, as in the case of stone, have laigely passed 
out of the pi(*ture in favor of materials more quickly placed and better ada})ted 
to j)resent service conditions. 

Cast Iron: Once used extensively for culverts under railroads, cast iron pipe for 
this purpose has been supplanted almost entirely by lighter-weight, stronger 
materials. 

Twentieth Century Problems 

The turn of the century brought new proldems to the engineer and builder— 
new and improved means of transi)ortation. The slow “hoiseless cairinge" has 
changed to streamlined, high speed automobiles, trucks and buses. Ilailroads have 
become a roller-bearing, streamlined, high si)eed means of transpoi’ting people 
and goods. 

From a fragile “kite” first flown by the Wright Brothers at Kitty Hawk, N. C., 
in 1903, the airplane has become a flying behemoth—ranging up to 200 tons for the 
latest bomber. We ha\T indeed become nations on wheels and wings. 

Time is money. As distances have shrunk and the volume of traffic stepped up, 
the time element in construction has become a more important and costly con¬ 
sideration. Interi-uptions to heavy traffic and delays to costly fleets of construc¬ 
tion equipment are sufficient causes to influence the choice of construction 
methods and materials. 

Mechanization of construction processes has changed the picture, too. Old ar'ts 
and skills have been lost. Builders of covei-ed bridges and stone arches would 
now be hard to find or to train. 
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New Materials and Processes 

^^'ith the new problems fortunately have come new materials and methods of 
using them. Research, both fundamentiil and commercial, has kept in step with 
the needs. Fig. 3. 

Metallurgists, chemists, physicists and research engineers have contributed by 
developing many new grades and alloys of steel—to say nothing of rubber, petro¬ 
leum j)roducts, cements, ])lastics, electronics and a host of other items. In this 
handbook we are concerned mostly about new steels, new protective coatings, new 
products and new methods of installation as they apply to engineering construction. 

Research has played an important jmrt in the growth of Armco Steel Corpora¬ 
tion, largest manufacturer of specialty sheet steels, and also of its subsidiaries, 
Aiinco Drainage <fe Metal Products, Inc. and The Armco International Corpora¬ 
tion. In this field, Armco h.as found its greatest opportunity to hv of service to 
mankind. 

Jietter controlled manufacturing conditions, more prefabi’ication, and less on- 
the-job labor has had a tremendous effect on speeding U]) engineering construction 
and reducing costs. Fig. 2. 

Future Developments 

A\’ithout attemj)ting to prophesy the future, certain things aie evident to the 
discerning builder. Nothing is static. Nothing is permanent in the sense that 
changing conditions will not make it obsolete or outmoded. This ever-changing 
scene makes it desirable to look for adapfabHifii even mor(‘ so than for permanence. 

This “atomic age” calls for continuous progress. If the past is any indication, 
man’s resourcefulness combined with Cod’s providence will find and develo]) 
new materials, new processc's to meet the builder’s needs. 












Fig 3 Planned research in laboratory and field leads to development of better materials and 
construction methods Armco s main research laboratories 





SECTION ONE 


STRENGTH RESEARCH 


CHAPTER ONE 

Dead Loads 

EXTERNAL LOADS AND EARTH PRESSURES 
ON UNDERGROUND CONDUITS 


Summary 

I'iacli yoar millions of foot of oonduits aro plaood iin(l(‘rj»ronn(l for oul vorts, sowors, 
wator mains, j»;as linos and otlior piirposos.* IIowovoi, only during tin* past foiii 
dorados has tho sul),i(‘(*t of soil moohanios proj»ross(‘d tow a id analyzim; the loads 
roaohinp: thoso oonduits. 

F.xtonsivo loading; rohoaroli has boon oarriod on by omiino(‘rin{i ori’anizations and 
individuals. This has boon supplomontod by plannod studios of the' porformama' 
of many hundrods of culvorts and sowors undor tho widost variety ol actual service 
conditions—in Natuio’s laboratory. 

Not all olonionts of loading rosoarch and dosiu.n have boon mastorod, but mucii 
proj»ross has boon made toward a rational method of dosiKn. This ])r()^;ross is 
summarized in a paper entitled “rndorKround Conduits— An Ai)praisal of .\Io<lorn 
^Research/’ in Appendix A,’ this handbook. 

Early Load Theories and Practices 

History records tho use of undorKround conduits for the past 3,000 years. Some 
have lasted for centuries. iM’idontiy those conduits wore built as a result of o\- 
porionco, ob.sor\ation or by j;uoss, rather than on th(‘ basi.s of lational d(‘si^'n. No 
doubt there wore many failures duo to poor construction or to thr* disrojj,ard of 
simple on^inooriiiK principles. On tho other hand, man\ w’oro built wastf'fully 
strong for similai* reasons. 

Before an onjiiineor can dosi^^n an underground conduit properly, ho must consider 
the conditions surrounding its use: 

1. The character, direction and magnitude of the loads; 

2. The physical juoperties of the material from which the conduit is to be 
constructed; 

♦Conduits also iru-lude tubes for roeeiviiiK electric wire.s or cables; "utilidors”; underpasses 
or tunnels for pedestrian.s, liv^e.stock, conveyors, materials or utility linos. 

Btoferences to literature are given at end of chapter, page 21. 
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Tlio behavior of the luaterial under the loads to whieli it is to be subje(‘ted; and 

4. Tli(* size of openirifi; reciuired. 

The first three items are neeessaiy from a stren^;th standpoint; the last lequiremcnt 
is to assure the eonduit liavin^ adecpiate capaeity. It is always advisaldo, however, 
to l>(‘ j>;uided by a, study of existinji; installations, ddds study applies particularly 
to the behavior of the existing; structures in regard to their a})ility to carry tlie 
superimposed loads without failure, the ability of the soil to carry tlie stiucture 
without excessive settlement, as well as the determination of the correct siz(^ of 
opening to accommodate the material to be carried through it. 

Ibitil Dean Anson iMarston, in 1913, published the results of his woik on conduit 
loadings,“ there were only vague ideas of the loads acting on buried structures. One 
theory was that the load was ecpial to tlie weight of the earth directly over the 
structure, and that it varied only with the height. Some contended that arch action 
caused the load to be less. Others believed the load, for various reasons, was 
great(‘r. These three theories are roughly illustrated in Fig. 4. 

None of these theories was com|)letely correct l)ecause they failed to re(‘ognize 
modifying factois such as ‘.nstallation conditions. Now it can be demonstrated by 
rational principh's of mechanics that the load on a eonduit is greatly influemted by: 

1. Settlement of the soil directly over the conduit in relation to 

2. Settlement of the soil at the sides of the conduit. 

These settlements are in turn influencetl by settlement of the original ground line 
under and adjacent to the conduit, the width of trench, the type of bedding, 
compaction of the fill, deflection of the conduit, and otlier factors. See description 
on following pages and in Appendix A. 
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Research Progress 

Extensive loading research at Iowa State College, the Univ'crsity of North 
Carolina, and by the American Railway Engineeiing Association, included the 
weighing of loads over conduits, measuring the pressures, aiifl determining relative 
settlements. This research led to: 

1. (Classifying conduits as to de^gree of flexibility. 

2. Differeutiation between conduits installed in a trench or under an embank¬ 
ment (“ditch” or trench conduits and “projecting” conduits). 

3. Recognitior\ of imj)ortance of l)edding conditions, along with relative settle¬ 
ment of soil above, alongside, and under a conduit. 

Iowa State College, 1908-1952 

Most nota.ble of all load research has l3een tliat of tlie Iowa Engineering Experi¬ 
ment Station of Iowa State Cyollege, Ames, Iowa. Begun in 19()S l)v Anson Marston, 
Dean of the Engineering Division, the researcli has been carried on almost con¬ 
tinuously since then. W. ,J. Schlick participated in tl»e work in the late 1910’s and 
early 1920’s, and M. G. S])angler beginning in 1920 has aided grea.tly in this research 
and in pul)lishing its results. Much of the work has been in cooj)eration with the 
United States Bureau of Public Roads. 

Cracking and failuies of many drain tile and sewer pipe in Iowa led to this 
lesearch. A])paratus was developed for a(^tually w'cughing the load over |)ii)0 in 
dilrhr.s (trenches), resulting in the discovery that “the side pressure of filling 
materials against the sides of the dit(^h develops fri(?tional resistam^e which helps 
to carry i)art of the weiglit.’’’^ 

Next, Marston weighed the loads under a 20-ft emhanknwnt of top soil (1919- 
1920) and under a lO-ft sa,nd and gravel embankment (1922). The maximum load 
w'as 1.92 times the w'eight of the fill materia.l directly over the rigid j)ipe. 

This researcli led to the discovery and publication by Dean Marston in 1922'‘ of 
what is widely known as Marston’s Theory of Loads on Underground (k)nduits. 
Although some fa(‘tors still are ?)ot fully understood, this theory helps make it 
possible to estimate moie rationally the loads on bijri(‘<l structures. Marston also 
develojied methods of determining the strength of underground conduits, and 
methods of installing conduits to increase their load-carrying cajiacity. See 
Ajjjiendix A. 

Kinds of Conduits 

Conduits are of many shapes and materials, but one major distinction —degree 
oi jlexihilitfi —is imjiortant in classifying from a load standiioint:* 

1. Eigid conduits, such as concrete, cast iron or clay, hiil by ru]iture of the pii)e 
walls. Their jirincijial load supporting ability lies in the inherent strength or 
stillness of the pipe. 

2. Flexible, conduits, such as corrugated metal pii)es and thin-walled steel pipe 
fail by deflection. Flexible pipe relies only partly on its inherent sti’ength to 
resist external loads. In deflecting under load, the horizontal diameter' 
increases, conij^resses the soil at the sides and thei'eby builds up “passive 
resistance” which in turn helps support the vertically-applied load. 

On the basis of construction conditions under which they are installed, conduits 
ai-e di\'ided into three main classes: (1) trench conduits, (2) projecting conduits, and 



8 


STRENGTH RESEARCH 



(1) TRENCH CONDUIT (2) POSITIVE PROJECTING CONDUIT (3) NEGATIVE PROJECTING CONDUIT 


Fig. 5. Conduits are classified according to three construction conditions. 

(3) ncgntive projecting conduits, a variation of (2). See Fig. 5. 

1. Trench conduits are striietures installed and coni|)l(;tely buried in narrow 

tr(!nch(‘s in relatively passive or undisturbed soil. Examples are sewei*s, drains 
and water mains. , 

2. Projecting conduits arc structures installed in shallow bedding with the toj) 
of the conduit projecting above the surface of the natural ground, and then 
co\-(ned with an embankment. Railway and highway culverts are good 
exampk's. Conduits installed in ditches wider than two or three times their 
maximum hoiizontal breadth may also be treated as piojecting conduits. 

3. Xegative projecting conduits.^ Highway or railway culveits arc sometimes 
pla(‘ed in a shallow ditch at one side of the existing water coui’se, with the 
top of the conduit below the natural ground sui facc and then covered with 
an embankment above this ground level. 

Ih'dding conditions affect settlement and therel)y affect the supporting strength 
of conduits. These bedding conditions, illustrated for trench conduits in Fig. 6, 
are: (a.) imi)erniissil)le, (b) ordinary, (c) first class and (d) concrete cradle, used only 
for rigid conduits. 

Field Measurement of Settlement 

Two series of field measurements of settlement ratios were made l)y M. G. 
Spjinglei’ on twenty-four culvei’ts in Iowa. The culverts included rigid and flexible 
piefabi icated pii)e and monolithic box and arch culverts. Height of fill over these 
various size culverts ranged from S to 61 ft. 

(Quoting Spangler’s report,® “In the present state of knowledge it is difficult to 
pi'(‘dict the values of the settlement ratio, which has such an important effect on 
th(‘ relationship between load and height of fill. Nevertheless it is present and 
efTecti\’e in every culvert installation and scientific progress demands that it be 
recognized and studied. This same comment applies to the projection ratio, except 
that the latter factor is more easily determined for a specific pipe installation.” 
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Fig. 6. Typical bedding specifications for trench conduits. 


Check on Box Culvert 

Pressure eell readings made by Wilson V. Binger of tin; U. S. Coi’ps of Engineers, 
on a concrete ])ox culvert 9 ft wide by 10 ft 10 in. high under 50 ft of clay fill on 
a relocation of the Panama Railroad, gave results comparal)le to those com|)utpd 
by Marston’s theory for ‘hncomjdete projection condition.”’ 8ee Fig. 7. ^ 



Fig. 7. Pressures versus heights of cover over culvert on Panama Railroad verifies the Marston theory 
of loads on underground conduits. 
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Surface Surface Surface 



Fig. 8. Action of earth pressures on culvert pipe according to Dr. Wm. Cain of University of North 
Carolina. (After Public Roods.) 


Special Cases 

Tlicre are cases where the classifications “trench conduits^ and “j)r()jectin} 2 ; 
conduits” do not apply. These may occur where either the terrain at the site or 
the desi|»ner will produce conditions other than those defined. 

(a,) In wide ditcJwfi, the load on a np:id conduit increases in accordance with tlie 
ti’ench-(^onduit theory until it e(|uals the load predicted by the i)r()jectinj; conduit 
theorw. (b) lor rock foandatmm, it is po.ssible to rediu^c the verti(vil load on the 
conduit by exca\’atinj:; a tremdi in tlie rock material and jefillinf»: with a compressible 
soil, (c) Rock Jills are found to act similar to earth embankments in producing loads 
on conduits, (d) [/)ads on projectin}:; conduits may be reduced l)y the luipcrfcct 
trench method of construciion in whicdi the soil on both sides and above the conduit 
for some distance is thoroughly compacted by rolling, tami)ing, or other suita.l)le 
means. Then a ditch or trencli is excavated over the conduit in this compacted fill 
.•ind lefilled with loose compr(*.ssible nuiterial after which the embankment is com- 
plet(*d in a noi-mal manner, (e) Negative projecting conduit^ 'iH a term applying wlien a 
highway or railwjiy culvert is installed in a trench dug through an old embankment 
()!• at one side of a channel and then covered over with a fill of considerable heiglit. 
Tlu' load on sucli a conduit will be between that on a trench conduit and the weight 
of the prism of earth directly above the conduit. 

Spanglei' advances the theory that loads on negative j)rojecting conduits provide 
a sound approach to the study of loads on this class of structures and leads to propei* 
design and construction of conduits that can safely withstand the loads produced by 
high fills. This theory may also be used to estimate loads on conduits installed by 
the imperfect trench method, described above. Spangler states that “there is no 
factual basis at the present time upon which design values of the settlement ratio can 
be recoinmeiuled. Further extensive studies are needed.” 
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Time Effect on Loads 

Three test culverts at Iowa Engineering Experiment Station were placed under a 
15-ft embankment late in the fall of 1927. Ix)ad observations have been made ever 
since. Maximum load was reached in April of the following year, dropping about 10 
per cent below the maximum in the following October. Since then the load has 
fluctuated between these limits—high in spring, low in fall. 

“The loads on conduits measured soon after the completion of the fill over them 
should l)e increased 20 to 25 pei- cent to allow safely for the ultimate loads . . . Field 
observations of cracked (conduits show that suc h cracks often develop months or 
even years after construction.”^ 

University of North Carolina Tests 

Tweh^e important load expei imcnts were made at the University of North Caro¬ 
lina at Chapel Hill from 1924 to 1927, in two series. Those consistcMl of i)lacing ])i|)e 
of vaiying degrees of flexibility directly on weighing apparatus, witliout any bed¬ 
ding, and then covering with fills cjf siind and of clay fiom 11 to 20 ft high. 

The final report^ on tlicsc^ tests was made by (1. M. Hra-une and M. F. Jaiida, with 
appendi(;es by William C'-ain. These North Carolina culvert tests conform closely to 
results calculated by Marston’s theory. According to Professor Cain, “The simple 
laws of mechanics and cer tain experiments indi(*ate that the V'ei'tical ear'th ])i' 0 ssui‘e, 
t:, on i)ipe culvcat varies accxrrding to the relative deflections of the top of the pi|)e 
and the adjacent soil (soil sottlemcMit). In diagram No. I (Fig. S) the to]) of the 
])i])e defle(!ts mu<4i moi’e than the adjacent soil (settles) and there will be a tendeimy 
for a pi’ism dii'ectly ov'^ei' the pi]>e to move downward, relativ’^c^ to tlie eai’th alongside? 
it, and tlii-ough friction and cjohcjsion it transfer’s pai’t of its weiglit to the soil ad¬ 
jacent to the pipe. Thoi’cfore, the eai’th pressui'c, h, is less than \V, the weight of 
the material dii’ectly over the pipe. In the case illusti’atcd by diagram No. 2 the 



Fig. 9. Vertical loads transmitted to 30-in. pipe, 100 per cent projeclion condition, under sand fill 
at North Carolina. Numbers in parentheses indicate thickness of pipe. (After Public Roads.) 
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deflections of the top of the pipe and the soil adjacent are assumed to be the same 
and there will be equal settlement of both the prism of earth and the adjacent 
soil, no relative motion ensuing. Consequently there will be no friction exerted 
along the sides of the prism and the earth pressure E will then be equal to W. The 
other case, illustrated by diagram No. 3, is just the converse to that of the first 
diagram. The earth outside the prism over the pipe is moving downward, relatively’ 
to the prism itself, this being due to the rigidity of the pipe. Thus, through the 
medium of friction and cohesion, part of the weight of the outside material is 
transferred to the prism over the pipe and E becomes much greater than the weight 
of the prism W." 

Although thcvse experiments led to no new coiK^ept, they did advance the idea 
that the load on a pipe varies with the rigidity of the pipe, being less than the 
weight of the prism of earth W for flexible pipe, and greater for rigid pipe. Re¬ 
sults of some of the North Carolina tests arc shown in Fig. 9. 

American Railway Engineering Association Tests 

Field tests by the roadway committee of the American Railway Engineering As¬ 
sociation (1923-1920) were an important contribution to the subje(;t of culvert 
loading. The final tests were under a 3r)-ft embankment on the Edgewood cut-off 
of the Illinois Central Railroad near Farina, Illinois. Layout of the test is shown 
in Fig. 10. 

At the conclusion of the test, this summary was published 

1. The intensity of vertical pressure measured by the top cells on the corrugated 
culverts is alx)ut one-third of the measured vertical pressure on the rigid type 
of culvert under the same (condition of loading. 


Top of Clay Fill 



Fig. 10. American Railway Engineering Association's tests on culvert pipe were made under actual 
Reid conditions under the Illinois Central Railroad at Farina* III. Readings were taken on earth pressure 
cells as the fill height increased. 
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Fig. 1 1. Results of the A.R.E.A. Tests at Farina, III. show that flexible pipe needs to support less load 
than the weight of fill, and rigid pipe more. 


2. The intensity of vertical pressure measured by the top cells of the corrugated 
(adverts is about 54 per (^ent of the weight of the unit (ioluinns of the material 
above the cells. 

3. The intensity of vertical pressure measured by the top cells of the rigid culvertr 
is about 158 per cent of the weight of the unit columns of tlie material above 
the cells. 

4. The intensity of pressure at the horizontal axis of the (Corrugated culvert is 
e(]ual to or greater than the intensity of pressure at the vei’tical axis. 

5. The intensity of ])?essure at the horizontal axis of the rigid culvert is about one- 
third of the intensity of pressure at the vertical axis. See Figs. 11 and 12. 




Fig. 1 2. Comparative vertical and horizontal pressures on rigid and flexible pipes of equal diameter 
in A.R.E.A. tests at Farina, III. 
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Fig. 1 3. Method of demonstrating concentrated and uniformly distributed pressures on rigid and 
flexible pipes, as typical of Farina test results. 


Peck Study of Railroad Culverts 

Installation of larpjtMliarneter, flexible metal culverts was made on the Denvei* & 
Rio (Irande Western Railroad in Colorado, Utah and New Mexico in 192()-1939. 
About tliirty su(di culverts ranjiiinK in diameter from 73 2 to 15 ft were pla(?ed 
under fills varying from 2 to 50 ft. Deflection measurements and frecpient observa¬ 
tions were made by O. K. Peck and R. B. Peek’® on a number of these structures. 
Detailed studies were made of tw'o. 

h'ig. 14 show's a longitudinal section through a fill over Coal Creek, 23 miles west 
of Denver, Colo., in which is buried a Multi-Plate* pipe culvert 15 ft in diameter. 
The backfill material, 41.5 ft ovei* the pipe. Structure A, wjis granular. The pij)e 
W'MS “strutted” Init when the struts w'ere removed after about 90 days, the vertical 
diameter shortened rapidly for a few' w'eeks. Practically no shortening could be 
olrsei’ved after 200 days. 

Sti'uctuie B, a, 10-ft diameter pi])e, installed under the most adverse conditions 
of any of the thirty culverts, reached equilibrium after 3 year-s. Behavior of the 
other culverts is showai in Table 1-1. 

*Tlie words ‘‘Multi-Plate” and ‘‘.structural jdate” arc used interchanKeahly in tliis hand¬ 
book. Multi-Plate is a tratle name of Armco Steel (Corporation. 


f TO; , • - • , , 

dumped 


- ■■ ■ •; ;■ fill dumpedji^J - 


41.5' .y v fro^ : 

^ f.|i \ •''4' |LVJ trestle:v' v. r / 

\ ■:II■ 11 ■ ■ - g J^;lK 

ledroek L/.u-t. 


Bedrock 

Fill pushed against pipe 
6-in. to 12-in. layers and com¬ 
pacted by 20-ton bulldozer 


Old road trimmed to 
contour of lower 90* 
of pipe 


Fig. 14. Longitudinal section through a flil in whidt is buried a 15-ft. diameter corrugated metal 
culvert. (After Peck.) 
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TABLE 1-1 OBSERVED DEFLECTION OF FLEXIBLE CULVERTS 
AT CENTER OF FILL (D8.RGW RR) 


Diameter 
in Feet 

M etnl 
Thickness 
in Inches 

Overhmden 
in Feet 

Years Since 
Erection 

Percentage by 
Which Vertical 
Diatn. Is Less 
Than That of 
True Circle 

7.5 

0.1875 

2 

3 

-2.5 

7.5 

0 1875 

4 

3 

2.7 

7.5 

0.2188 

9 

3 

1.4 

8.75 

0.2188 

4 

3 

1.7 

8.75 

0.2188 

5 

4 

1.7 

8.75 

0.2188 

9 

3 

4.7 

8.75 

0.2188 

12 

3 

0.0 

8.75 

0.2188 

13 

3 

3.2 

8.75 

0.2188 

15 

3 

1.9 

10.0 

0.2188 

3 

2 

1.3 

10.0 

0.2188 

3 

G 

4.3 

10.0 

0.2188 

G 

3 

0.3 

10.0* 

0.1875 

13 

5 

7.1 

10.0 

0.2813 

19 

2 

2.8 

10.0 

0.2813 

19 

2 

1.8 

10.0 

0.2500 

4G 

3 

2.3 

10.0 

0.2813 

50 

4 

5.1 

I5.0t 

0.2813 

37 

2 

0.1 


Noth; Total vortical dianioter oliaiigc approxiniately 3 per cent phiH value giveti iu tabic. 
*Striicture B. 
tStructure A. 


One (‘ondvision from tlicse observations was that “theoretieal analyses based on 
the results of soil tests ai’e not wari'anted in the design of flexible metal culverts . . . 
Field supervision of l)ackfjllirig operations is, on the otliei- hand, of outstanding 
importance.” 

Dead Load Tests on Riveted Pipe-Arches 

The first change from the sha])e of a round pipe to that of a “pipe-arch” was made 
in 1937 . The purpose was to reduce headroom re(iuired. Later research showed 
certain hydi’aulic advantages. 

Tests were made at Topeka, Kansas,^' to determine the most favorable shape 
(ratio of span to rise) as well as the load-carrying capacity. Included were three 
sizes placed on a sand bed, but with no surrounding fill. 

In every instance, failure was caused by crushing of the arch from the top and 
corresponding si)reading at the sides. At no time did the bottom deform uj)ward. 
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Tests were next made under field installation conditions with lesults as illustiated 
in Table 1-2, and in Fig 15. 


TABLE 1-2 DEAD-LOAD TEST ON PIPE-ARCH 
Weight Applied to a Plate 2SVi in. x 50 in (8.85 sq ft) 

Spans42 In Lenotha12 ft 

Ris* =27 in Gage »No 12 


ToUil Load 
in Pounds 

Pounds per 
Square hoot 

1 

Vertical 
Deflection 
in Inches 

Horizontal 
Deflection 
in Inches 

Bottom 
Deflection 
in Inches 


1,122 

Va 

H 

0 

15,621 

1,770 

Vi 

Va 

0 

19.563 

2,210 

*4 


0 

23,428 

2,650 


Vi 

0 

24,784 

2,800 


H 

H up 

26,818 

3,030 



H up 

27,123 

3,070 



h up 

27,428 

3,150 

2 


up 

31,000 

3,500 

2M 


h up 

34,615 

3,930 

Total failure 1)\ top crushing 



Rg 15. Dtad-load test on riveted pipe-arch at Topeka, Kans. Ultimate load was 34,615 lb 
applied over area of B.85 sq ft. Span, 42 in.; rite, 27 in; length, 12 ft, 12 gage. 
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Fig. 16. Engineers inspecting corrugated metal culvert in eastern Canada. 


Field Measuremenls on Existing Structures 

The \ulue ot lahointory tests is usually ineieased when supplemented by studies 
of structures in actual service. Alth()Uj;h the conditions surrounding; tlu'se striui- 
tuies (*annot ahvavs be determim'd, because of lack of r(*cords or the cost ol‘ de¬ 
termining; tliem, these installations are a helpful j;uide. 

For example, by measuring; the vertical diameter it is possible to determine the 
deflection that has taken ])lacc on a culvert of known under a knowm fill 
heij;ht. Piovided the j)i])e w'as not strutted durinj; installation and j)rovided the 
foundation soil and backfill were normal, it is possible to determine w'hether a s'lfe 
Kaj;e w^as ehosen. The larj;er the number of structuies under various conditions, the 
more accurate ai'e the conclusions that can be drawm. If a few failures can be in¬ 
cluded, the conclusions wall be sounder. 

Fn^;iiieers from state hij;hway departments, the Hi^;lnvay Research Board, rail¬ 
roads, enf;ineerinj; college experiment stations, and city engineering departments 
have examined thousands of flexible metal culveits and sewers along with conduits 
of other types of materials. The results have generally not been jiublished but have 
been useil as a guide in establishing suitable gages of metal. 

The eailiest of these “look under your roads” investigations date back to the early 
192{)\s. Others include the AREA test at Farina,'* and the Peck study of culverts 
under the 1). & R. G. W. Railroad in Goloiado, Utah and Xew Mexico.’- Most re¬ 
cent is a survey of 200 corrugated metal .structures, standard riveted and structural 
plate, by a number of tlie railroads in 1950-1051. Page 161. 

Armco engineers have made deflection measurements on many actual installa¬ 
tions of corrugated metal pijie and arches. (See chapter on Dui’ability.) Among 
these was a series of culvei ts installeil in 1028 under a new line on the Union Pacific 
Railroad in W'yoming. Diameters ranged from 24 to 60 in. Some pipes were strut¬ 
ted; othois were not. Deflections were measured over a period of nine years. 
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TABLE 1-3 DEFLECTION OF MULTI-PLATE PIPE CULVERTS 
ON NATION-WIDE INSPECTION 1943-1944 


Diameter of Pipe 

Quantity 

Cover Over Pipe 1 

Deflection 

Average 

in Inches 

in Feet j 

in Per Cent 

in Per Cent 

60 to 180 

238 

1.5 to 84.5 

2.32 


60 to 105 

128 

Ijiuka- 20 ft 

1.69 \ 

2.41 

60 to 105 

37 

20 ft and over 

4.87 f 

120 to 180 

53 

Und(‘r 20 ft 

1.99 \ 

2.14 

120 to 180 

20 

20 ft and over 

2.52 / 


In 1943 1944, Armco en^jincers investipitocl 355 Multi-Plate pipe in (Ikinieters of 
00 to 180 in. all over tlie United States. Heights of clover ranj^ed fioiii 1.5 to S4.5 ft. 
Deflections averaj»;ed 2.32 per cent for all structures with a inaxiinuin of 10.5 j)er 
cent for a 120-in. pipe under 11 ft of cover, and 9.05 ])er cent for a l05-in. pipe under 
30 ft of cover. Averages are given in Table 1-3.^** 

Tins same inv’estigation included 479 Multi-Plate arch structures with spiins from 
5 to 27 ft.'^ 

The remarkable fact is that of the thousands of corrugated metal structures in¬ 
vestigated, the percentage in trouble was negligible, indicrating tliat the design 
criteria used wei’C on the safe side. 

Studies of Flexible Metal Culverts Under High Fills 

The effect of careful installation of corrugated metal structures is revealed by 
several jobs of large diameter pipe under extremely high fills. Py paying special 
attention to foundation conditions and backfill operations, the full strength possi¬ 
bilities of the pipe can l)e achieved. (Not a corollary to these jobs, but obviously 
for normal installations, satisfactory results can be obtained with only ordinary 
precautions.) 

1. Cullman, Alabama. Load research was cari-ied on in 1952 jointly by the Ala¬ 
bama State Higliway l)ej)artment and Armco.'-' At Cullman, Ala., three 84-in. 
Multi-Plate pipes were installed under 138 ft of fill. Fig. 17. Careful bedding was 
done and the i)ipe installed by the •‘imj)eifect trench method’’ as developed by 
M. C. Spangler of Iowa State College. The fill over the i)ii)e was i)laced in uniform 
lavers. Of the initial camber of 0 in. in the pi])e, about 3 in. remained on completion 
of the fill. 

Strain gages (SR-4) were attached to one line of pi})e. To measuie the load on 
the timber struts, a calibrated load cell was placed between the strut and the com¬ 
pression cap—at a point under the center line of the road and under the midpoint 
of the lower embankment slope. Settlement and deflection readings were made as 
the building of the fill progressed and after comjdetion. 

2. Western North Carolma. Similar research procedures under the direction of 
the North Carolina State Highway Department, with M. G. Spangler as consult¬ 
ant, were followed in a project on U. S. Route 70 in western North Carolina where 
six miles of new load was built through mountainous country. Here a single line 
of ()()-in. diameter Multi-Plate jnpe was installed under a fill of 165 ft on center line. 
The major j^ortion of the fill was made by the end dumping method from one side. 
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Fig. 18, a practice not recommended by the pipe manufacturers, particularly for 
cohesive soils.^^^ 

3. Montana, Under a relocation of U. S. Route 1C in western Montana, twin 
lines of elliptical Multi-Plate pipe, 102-in. vertical diam. by 90-in. horizontal, were 
placed under about 105 ft of fill. See Fig. 1. The pipes, which serve as equalizers 
for a leservoir, were placed on 50 ft of rock fill. This foundation fill settled 12 in. 
due to the weight of the 100-ft fill plus partial inundation. Approximately 9 in. of 
the original 24 in. of camber remained in the pipe. 

Timber sti uts were used to hold the elliptical shape (elongation about 8 joei* cent) 
(luring placing of the fill. Compre.ssion caps used between the struts and the top 
sills were calibi-ated so that the amount of load could be estimated as the fill height 
inci-eased. Deflection measurements were made during and alter installation, but 
without strain gage I'eadings. Of the 8 per cent elongation of the verti(;al diameter 
of the pipe, ai)proximately 5 per cent remained when the struts were removed. 

Genei'al conclusions drawn from these three high fill installations are: 

1. The vertical load on the pipe (as shown by strain gage rejidings on the Ala¬ 
bama job) agrees substantially with the weight of the column of fill iininedi- 
ately above the pi|)e. (This is the weight used by Armco to design th(‘ strength 
of the longitudinal seams of flexible culverts under high fills.) 

2. Data taken on sti nt cells and pipe-wall strain gages at successive fill heights 
show that ea(4i increment of fill resulted in an increment of load in almost 
direct pi'oportion. 



Fig. 17. Three 7-ft diameter metal culverts under partly completed 138 ft of cover at Cullman, 
Alabama. Pressure readings were taken. 
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CHAPTER TWO 


Surface Loads 


Summary 

A modest amount of i*esearcb has been done to measure the surface and impact 
loads on underj^round conduits. The greatest effect is mcjisured under shallow 
(covers but is dissipated or spread rai)idly as the depth of cover increases to 4 ft 
or more. The impact fnctor varies from 1.0 when the surface load is static, to pos¬ 
sible values of 3.0 or 4.0 for highway traffic on a rough roadway. The impact 
factor for landing airi)lanes has been found to vary fiom less than 1.0 to as miicli 
as 3.5. Deflection of corrugated metal conduits under live load and impact lias 
been measured in various tests. The deflection of corrugated metal structin-cs 
under traffic loads is of approximately the same magnitude as that of the adjacent 
soil and well within the elastic limit of both. There is no hai’d spot—no damage 
to road surface. Surface loads are taken into account in design tables. 



Fig. 19. Separate and cambined live load (H-20) and dead load, showing that minimum combined 
effect is at about 4 ft. Load is applied through flexible pavement 1 ft thick. 
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Fig. 20. Railroad surface loading, Cooper E72. Minimum effect of combined live load and dead 
load Is at 11 ft. Load is applied through three 2 ft by 8 ft areas on 5-ft centers. 


Nature of Surface Loads 

Uiidoipjroiind conduits frequently are subjected to loads other than tlie vveif;lit 
of the hllinj:; material above them. Such loads may consist of lieavy j^rading etiiiip- 
nicnt befoi'c the conduit is fully prote(;ted b.y fill material, or may consist of high¬ 
way, railway, airplane or other traffic. These superimposed “live loads’^ may l)c 
in motion or not. If the load moves, it may produce an impact or shock reaction; 
in (\‘isc of a rouj^h surface or obstruction, it may produce a drop reaction or ham- 
merin‘»: effect. Movinj:; and standing loads may also produce vibration. When the 
motors of a .standing airplane are accelerated (“revved up”)» for e.xample, the vi- 
lu’Mtion is quite sevei’e. 

The effect of live loads on underground conduits is modified by various factors 
other than (1) tlie weight of the loads. The.se include (2) sfieed of the vehicle, (3) 
shock ab.sorbance by the tires or springing arrangement of the vehicle, (4) uplift 
of airplane wings, (5) the kind and thickness of the surface, sub-base or track, 
((>) roughness of roadway surface, (7) area over which the load is applied, and 
(S) kind, condition and depth of embankment surrounding the conduit. 

Surface loads are of greatest importance when a conduit is pla(;ed under a rela- 
tixely .shallow covering of earth.^ The effect decreases as the depth increases 
whereas the fill load increases with depth. 

In the case of highways, the minimum combined surface and fill load occurs at 
about 4 ft, and for railways at about 11 ft. See Figs. 19 and 20. Impact is a major 
factor at shallower depths. 
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Highway Research 

Extensive tests on the effect of highway surface loads on underground conduits 
were made at Iowa State College, the results of which appear in the various bulle¬ 
tins of the Engineering Experiment Station/^ A mathematical theory was estab¬ 
lished and formulas set up for calculating the effect of live load and impact. 

Highway authorities believe that unless conduits are near the road or street sur¬ 
face, live loads and impact are not likely to be important. However, very heavy 
loads such as are sometimes moved over the roads under special permit, may cre¬ 
ate a critical loading. 

This is especially true of rigid conduits where a single application of a load in 
excess of that for which it was designed may cause failure. Flexible conduits, de¬ 
signed with a hirger factor of safety, usually are elastic enough to regain their 
original shape. 

Effect of Speed 

The stress and deflection of a pavement decieascs as the speed of a vehicle pass¬ 
ing over it increases. This varies with kinds of loading and condition of supi)ort, 
but averages 20 per (;ent less at speeds of 40 m|)h than at creep speeds. From tliis 
it may be inferred that impact on underground conduits is less at high speeds 
than at slow speeds.^ 

Railroad Research 

The railroad associations have made investigations of tl)e effect of impact on 
track, roa(ll)e(l and structures.’ That work is still underway and includes the de- 



Fig. 21. One of the heaviest wheel loads on record, 346 tons, or 21 tons per wheel is produced by 
this thermos or ladle car carrying molten pig iron. It is passing over a 72-in. corrugated metal culvert 
installed in 1927. View ot right shows present excellent structural condition. 
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velopn^ent of more reliable instruments for measuring impact. One interesting 
fact is that the use of diesel electric locomotives spreads the loads over a larger 
area and also avoids the blows produced by the drivers and counterweights on tlie 
wheels of steam locomotives. 

Live Load Tests on Helical Corrugated Lock-Seam Pipe 

Field tests were made on 6-in. 18-gage, 8-in. 18-gage and S-in. 16-gage Hel-Cor 
lock seam pipe in shallow trenches. After being subjected to a triu^k rear axle 
load of 15,810 lb (equivalent to 11-10 loading), the i)ipe showed no measural)le 
deflection. 

Live Load Test on Standard Corrugated Pipe 

Construction of a special railroad line to the open hearth furnaces of Armco Steel 
Corporation at Middletown, Ohio, in 1927, involved the installation of a 72-in. 
8-gage corrugated metal culvert under SH ft of (tover (base of rail to top of pi})e). 
Fig. 21. This railroad caiaies molten ])ig iron in a special insulated car with one 
of the heaviest wheel loads on record. Ix)aded, the car weiglis 346 tons, concen- 
trated on sixteen wheels. 

The pipe was strutted less than normal and the l)ackfill tamped only fairly well. 
Consequently the pipe deflected a little more than normal, or an a\^erage of about 
6 per cent below a true circle. Additional measured defle(‘tion over the past twenty 
>'ears lias been about 1^ in. and has been at a decreasing rate. Since 1940 tliere 
has been no measurable change, indicating that eipiilibrium lias lieen reached. 

Live Load Tests on Pipe-Arches 

A series of field tests was made’’ to determine tlie strengtli of the pi|)e-ar(!h as 
conqiared witli full-round con'ugated metal pipe under liv^e load, and to determine 
the proper gage to use. The investigation included four pipe and six iiipe-archcs 
each 16 ft long as shown in the accomjmnying Fig. 22 and Tabli* 2-1. 



Fig. 22. General view of live load tests on corrugated metal pipe and pipe-arches. 
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TABLE 2-1 LIVE LOAD TESTS ON PIPE AND PIPE-ARCHES 
Sizes of Structures 


Specimen 

No. 

Pipe or 
Pipe-Arch 

Rise and Span 
in Inches 

Diameter 
in Inches 

Gage 

Cover 
in Inches 

1 

Pipe-Arch 

31x17 


14 

6 

2 

Pipe-Arch 

31x17 


14 

12 

3 

Pil)e-Arch 

31x17 


12 

12 

4 

Pi[)e 


24 

14 

12 

5 

Pijie 


24 

12 

12 

C 

Pipc-Arch 

31x17 


14 

24 

7 

Pir)e-Arch 

61x34 


12 

12 

8 

Pipc-Arch 

(31x34 


10 

12 

9 

Pipe 


48 

12 

12 

10 

Pipe 


48 

10 

12 


The stnietures were carefully bedded and the backfill of moist clay and loam 
was well tamped. 

The load on a truck tractor whi(!h made tri])s back and foi’tli over the structui’c 
was increased until it reached 27,i^90 lb. Deflections measured after each trip 
showed a maximum of .3(3 in. (ii a pipe-arch with (31-in. span and 34-in. rise. The 
maximum load was equivalent to an earth fill 27 ft hi^h. 

It was found that a pipe-arch of a given span is equally as strong as a pipe of 
the same diameter and gage. 

Live Load and Impact on Multi-Plate Pipe-Arch 

Because of the successful use of riveted pipe-ai‘ches up to 72-in. span, the same 
general cross section was adapted to field assembled Multi-Plate structures. 

Tests were made in ]945‘' on a .Multi-Plate pii)e-ai’cli with a si)an of 93 in., a 
rise of (34 in., in 10-gage steel with a coi’rugation (3 in. by 1^4 ki- Cover was 30 
in, of earth. A highway truck with successive axle loads of 10,000 lb, 18,300 lb 
and 29,940 11) was run over the culvert repeatedly. 

Maximum deflection readings were } ii in. under the 29,940 lb live load before 
the side support was built U[) and the structure reached a point of “maximum 
deflection.” This minor deflection showed the structure to be amply strong in 
this gage {ind shape. Succeeding e(|uivalent loads j)roduced even less deflection. 

Strain gage readings taken at various points around the inside and outside of 
the structure showed no points of excessive strain. The maximum readings in 
tension and compression were roughly equal. This led to the conclusion that 
for strength the plates may be the same gage around the entire peripheiy. 

Live Load Tests on Multi-Plate Arches 

Arch structures are generally used under shallow cover and therefore are subject 
to live load and impact rather than to dead loads. 

One test was n\ade on an arch of 20-ft span, 7-ft rise, 10 ft long. No. 3 gage 
plates on concrete footings, with an earth backfill and cover of 2 ft. The arch was 
first subjected to a repeated live load consisting of a truck loaded with steel ingots. 
Under a rear axle load of 57,5(30 11), the maximum deflection was 0.65 in. See 
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Fig. 23. Live load test on Multi*Plate arch at Middletown, Ohio. Span 20 ft; rise 7 ft; length 10 ft; 
No. 3 gage. Gross load, 33.7 tons; rear axle load, 28.8 tons. 


Fig. 23. Tills arcli was flesigned for an H-IO loading, l)ut actually carried 3.G 
times tills load without failure. This same arch was then subjected to a, dead load 
of 345 tons—(‘(luivahait to a factor of safety of 3.7 for a 10-ft fill. 

Another live load test was made in May, U)3() by the Minnesota State High¬ 
way Defit. on a Multi-Plate arch of 24-ft span, (Si 2 “ff Hadial readings were 

taken on four sectois—two at a distance of 8 ft left and right of the (center line 
of the road and two at 17 ft from the center line. R(^adings were made when the 
endwalls were in place (1) with no backfill, (2) with the hac^kfill in pla(;e, and (3) 
with a o2-ton shovel over the arch. The maximum radial movement at the crown 
due to this live load was onl}^ in. 

Vicksburg Load Tests 

Surface load tests were made on reinforced concrete and corrugated metal pipe 
by tlie U. S. Waterways lv\|)eriment Station of the (kirps of Engineers, Vicksburg, 
Mi.ss ' The purpose was to determine the stress distribution on drain pipe due to 
stationary surface loads. The pipe consisted of 12 to 4S-in. standard strength re- 
infoi’ced concrete cuh'ert pipe and standard corrugated metal pipe. 

Based on an allowable crack of 0.01 in., a table was developed of minimum al¬ 
lowable cover reejuirements for concrete i)ipe. A comparable table for corrugated 
metal pipe was based on an allowable deflection of 2.5 per cent of pipe diameter 
for dense backfill and 5.0 per cent for medium dense backfill. Parts of these two 
tables are combined in Talde 2-2 to show the comparative loads to produce allow¬ 
able cracks or deflection under equal depths of cover. 
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Another way of stating the results is that the reinforced concrete pipe requires 
a greater depth of protective cover than corrugated mefeil pipe to withstand an 
e(|ual surface load. 

TABLE 2-2 COMPARISON OF LOADS TO PRODUCE 
0.01-in. CRACK IN REINFORCED CONCRETE PIPE 
AND 2'/i-5% DEFLECTION IN C.M.P. 

Based on Field Tests by U.S. Waterways Experimental Station 


Field 

Teat 

No. 

Pipe 
Diarn. 
in In. 

Gage i 

of 

Corr. 

M elal 
Pipe 

Surface Load on Pipe] 

Depth of Cover 
in Test 
in Feet 

at 0.01-in. Crack 
Baaed on A STM 

at Allowable 
Deflection 

Rcinf. Concr. 
in Pounda 

Corr. Metal 
in Pounds 

40 

12 

10 


60,000 

1 

20 

12 


47,000 


2 

39 

12 

16 


110,000 

2 

42 

18 


56,000 


2 

34 

18 

10 


102,000 

2 

40 

18 


48,000 


3 

3fi 

18 

10 


142,000 

3 

2S 

24 


57,700 


2 

31 

24 

14 


114,000 

2 

29 

24 


02,300 


3 

30 

24 

14 


180,000 

3 

57 

30 


24,200 


2 

05* 

30 

12 


58,000 

2 

50 

30 


51,400 


3 

04* 

30 

12 


88,000 

3 

58 

30 


53,000 


4 

70* 

30 

12 


122,000 

4 

00 

48 


39,400 


2 

03* 

48 

12 


50,000 

2 

59 

48 


06,100 


3 

02* 

48 

12 


06,000 

3 

01 

48 


70,800 


4 

09* 

48 

12 


108,000 

4 


♦Mediunt dense backfill, pipe deflection comparable to 2 ^^% deflection in dense 

backfill. 

tlMiuivalent plane weight =twice tlu*se values, divided by 1.5 which is the factor to provide 
for efTect of impact, variation in backfill density, etc. 
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CHAPTEk THREE 


Transverse Earth Pressures 


Summary 

Transverse earth ]iressures caused by the su])sidence of soils and aggravated by 
moisture and frost action have been measured with values up to one-tenth of the 
maximum vertical load. Such pressures should definitely be provided for in the 
design of underground conduits. 

Transverse Movement of Soil 

Design engincei’s recognize that conduits under embankments are subject to 
irtwsvrruc pr(‘ssures- pressure's at right angles to the roadway or in the general 
direction of tlie conduit center line (longitudinal axis). These transverse pressures 
while affecting corrugated i)i])e only rarely are evidenced by the disjointing oi 
shoit sectional i)ipe, the overturning of headwalls and in ])ulling a])art of rigid 
monolithic structures which have crack(‘d under load. Although moi'(‘ mark(‘d 
under liigli embankments, this tendency to disjoint is also present under embank- 
nu'uts of 10 It or k'ss. 

T(*sts by F. N. Menelee* show that the maximum horizontal stress may be 
taken as on(‘-tentli of the maximum vertical stress.^ 

Transverse juessiu’es are presumably caused by tlu' action of gravity or sui)ei- 
impo.sed weight, and are manilested by the tendency of soil to move downward 
and outward, seeking e(iuilibrium at its angle of repose. Where ground moisture 
abounds, the extienu* but common result is a landslide. 

iMnbankiiK'nts plncc'd on unst.able soils or imi)ro])erly made with large voids - 
as with large froz('n chunks—m.ay continue to settk* foi* many yc'ars befoie reach¬ 
ing stability or eciuilibrium. This is likely to cause active* or uneven [)ressures 
against side Wiills oi conduits, resulting in what may be termed ‘'shifting soils.” 

Although few authorities have j)ublish(*d anything about these stresses, Terzaghi 
and Pe'ch'-* lecognize them: ‘Tf a culvert is located on a nonrigid base, it is acted 
U])on not only by earth pressure but also by bending in a vertical plane through 
its longitudinal axis on account of the trough-shaped settlement of the base of the 
fill. It is also subjected to axial hasiou because of the shearing stresses that in¬ 
crease the width of the base of the fill. The failure of culverts by axial tension is 
not uncommon.” 

Lateral Flow 

“Saturated soils with decreased internal friction and cohesion, plastic soils such 
as clays, and sands and silts with rounded grains, wet or dry, are subject to lateral 
Jlou' under pressure. The.se conditions may result in slump of roadl)ed fill, settle¬ 
ment of the ballast section . . . or subsidence of fill by scpieezing outw ard and u])- 
ward su(‘h materials in tlu* original ground."'* 

\'arious railroads recognize these trans\erse pressures. On steep slo])es and 
under high fills they sometimes specify that cables and hooks be attached at the 


♦Profe.'s.'ior of engineerinK !ticc*hiinic&, of Mich. 
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Fig. 24. Cables and hooks used to prevent disjointing of short sectional pipe due to transverse forces. 


ono-tliird jioints on vigui sectional betoro l)ack^illin^,. 21. On Hexihle 

f‘(j| ruj;atc(l metal j)ii)c, they may specify tlie use of wider coii})lin^ hands or held 
bolted connections. 

Pressure of e\i)aiision caused by chaiijjje in water content of soils (for e\amj)le, 
bulking of sand) may be considerable. However, no cjuantitative measurements 
have been made, so far as is known. 

Pressures Due to Frost Action 

Freezing; water increases a})proximately Pf'*' cent in volume, the resultiiijj; 
expansive force beinj; 30,000 lb (15 tons) per sq in.^ The trouble is augmented in 
lino-j;rained soils by the building up of ice layers which are fed from below^ by cap¬ 
illary moisture. Heavinj^ is the result. When thawing occurs, stability of the .soil is 
destro 3 ^ed (see ('hapter 36, Soil Studies). 
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CHAPTER POUR 


Internal Pressures 


Summary 

Limited laboratory tests have been made on internal pressures for watertip;ht- 
ness of corruj^iatcd metal structures with various kinds of seams and couplings. 
For conduits requiring watertightness, such as tunnels, sewers and sii)hoiis, prac¬ 
tical results can }>e achieved by special fabrication such as close-riveting and sol¬ 
dering or dipping in asphalt, by welding, by the use of mastics and by joining sec¬ 
tions with special couplings. 

Only brief reference is made here to internal pressures exerted by liquids flowing 
through conduits. Complete data will be found in the many excellent published 
textbooks. 

Internal pi’essures ai‘e created either by differences in elevation in various j)arts 
of the conduit (kno^^n as head) or by pumping. These unit jnessiires are usually 
much higher than external pressures due to earth backfill and superimposed loads 
and impact. For example, the allowable internal working pressures on water sup¬ 
ply and transmission lines or penstocks range uj) to 1000 lb pei* s(] in. (diameters 
4 to 30 in.). The design pressures are usually not less than 100 lb ])er sq in.^ This 
is in contrast to external i)ressures of 10 to 50 lb per sq in. due to earth loadings. 





Fig. 25. Watertight siphon built of Muiti>Plate pipe at Plum Creek, Nebr. Size 13 ft 9 in. diameter, 
290 ft long. Ail seams were welded. 
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Fig. 26, Watertight coupling 
band under test on 24>in. 
diameter bituminous coated 
pipe. No leaks at 60 lb per 
sq in. pressure. These tests 
were made under ideal 
conditions and gave results 
higher than would be ob¬ 
tained in ordinary practice. 


’ I 


^ * 4 . 


Watertightness of Corrugated Metal Pipe and Couplings 

Oi’dinary (‘ulvcrt |)ii)e on moderate sJo])os, unless flowing; full, need not be water¬ 
tight. C'ulverts under levees do require practical wat(‘i’tij>;litness from the inside, 
as do culverts tlirouj 2 ,li storage reservoir dams or under irrigation canals. On en¬ 
closed irrij>ati()n s.ystems where tlie pipe is under inteinal pressure, watertiahtness 
is essential. Sewers (esjiecially aerial sewers) should be practically w'atertij»ht to 
pievent escajie of sew’aj;e and to prevent infiltration of ^;round w'ater. Sub(h-ainaj»:e 
pipe, on the otliei* hand, is delibei'atelv perforated to freelv admit ground watc'r. 

Hydi ostatic tests have been made on corrugated metal pi])e and couplings to 
determine their watertightness under dilTerent heads. One* simple test consisted 
of 24-in. riveted coiTugated metal pipe 29 ft long with the bottom end sealed, 
set vertically and filled with water. The only joint was a 12-in. w'ide coupling 
band, 2 ft from the bottom, made tight with J^^id cast shoes (lugs). 

The pii)e was dipped in hot asphalt before assembly to h(‘lp seal the s(;ams. It 
was watertight for the six months that it remained und(*r test. 

Bituminous coated galvanized corrugated metal pipe may be made w\atertight 
when pr()})er conditions of manufacture or field installation are observed. Close 
riveting, soMeiing, or WTlding of the seams are means of a.ssuring absolute waiter- 
tightness. Practical waitertightness is obtained wdth the normal bituminous coat¬ 
ing. Particular care must be taken in tightening the coupling bands firmly. 

Test on Couplings 

An S-ft length of 24-in. diameter 14-gage asphalt-coated corrugatetl metal pij)e 
with clo.se-riveted circumferential seams was bulkheaded at each end. A coupling 
band 24 in. wide was substituted for the usual rivet(»d circumferential seam. Six 
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TABLE 4-1 LEAKAGE TESTS ON ASPHALT-COATED 
CORRUGATED METAL PIPE AND COUPLING 
24-in. Diam. Corrugated Metal Pipe 


Pressure 
in Pounds 
per S(juare Inch 

Duration 

of 'I'ests 

Leaks 

Hours and Minutes 

20 

20 

0 

None 

30 

1 

30 

None 

40 


30 

XoiK* 

50 


50 

Non(‘ 

00 

2 

30 

Negligible 


Tlieso leslis were iriade under ideal conditions and Kuve results higher 
than would be obtained in ordinaiy practice. 


3 2 -hi. rods and (!ast shoes were used to draw this (H)upliiiK tijjjlit (see Fi^. 2()). No 
l(‘.‘dvs developeil until the pressure reached 60 psi. The results ai’e shown in Table 
4-1. 

Test on Hel-Cor Pipe 

A r)()-ft lenjith of nominal r2-in. diameter 18-ji:a^e lock-seam Hel-Cor i)ii)e was 
taken fi'om le^idar prodmdion and sul,)ject(Hl to an internal pi-essure test usinji; 
water.- Steel closui'e j)lates with openinj>:s for watei* entry and air exit were welded 
to the ends of the pi[)e. The jtipe was filled with water iiinler pressure until all air 
was expelled from the pipe. 

Yieldiiift' of the corrugations occurred at 90 psi p;ap;e piessure. This pressure 
corresponds to a “hoop stress” of ll.SSO psi in the pipe barrel. At tliis point the 
dei)th of corrugation began to change noticeal)ly. Bmsting l)y unlocking of the 
seam ocaMirred at 115 psi gage i)ressure. 

Tests with Other Materials 

Brief references are made to tests on pressures from air, gas. gi’ain. minerals, 
etc., under various other chapters of this handbook. 
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CHAPTER FIVE 


Corrugated Steel 

and Iron Sheets and Plates 


Summary 

Niiin(‘r()us physical tests have been made on metal sheets and plates, with vari¬ 
ous types of corrugated sections, such as are used in const met ini;, cuKi'rts and 
biid^es in the shape of pipe, arches and ))i|)e-arches. Most rec(Mit of these was a 
*^eries of tests by the Ihad^e Conimlttee of the American Asso(*iation ol State 
Hi^,h\vay Oflicials at Michij;an State (’olleoe. These latter tests dealt with such 
factors as the effect of depth of cornmation, ‘j.ai^e and radius of ])late curvatun* 
on jilate performance, joint ediciency and bolt stresses. Other tests on corruy,ated 
metal sections have been for lieam and column strength. 

Types of Corrugations 

It has loiij; been recoii,nized that corrunalinj>, a flai sheet ol any flevible, non- 
shatterinj; material adds f».ieatly to its beam stren^,th and column strenj;th jiarallel 
to the corrugations. This is simply illustrated in Fig. 27. 



Fig. 27. Simple demonstration of how cor¬ 
rugations increase the supporting strength of 
a playing card. 


Fig. 28. Helical type of corrugation with a con¬ 
tinuous lock seam. Other types of corrugations are 
usually circumferential. 
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TABLE 5-1 DIMENSIONS AND PHYSICAL PROPERTIES OF STANDARD 
CORRUGATED SHEETS (Revised 1939) 

Corrugation—14 inch x 2% inches 



6 V/J/C 

'J'hu'knesif 

T 

in Indwi^ 

Tent gent 
Length 
in 

Jnrheti 

A nglr 

• /A 

in 

Degrees 
and Min 

Moment of 
Inertia* 

1 

Inches'^ 

Scetion, 

Modulm* 

Inches^ 

Radius of 
Gyration 
r 

Inches 

]() 

.O.aOK 

.77 

26 -46' 

.00200 

.00711 

.1775 

M 

.0717 1 

.7() 

26"-52' 

.00250 

.00872 

.1758 

12 

.lOdO j 

.74 

27 7 O 8 ' 

.00350 

.01153 

.1758 

10 

.1345 j 

.72 

27 -23' 

.00150 

.01107 

.1760 

8 

.1644 ! 

.70 

27"-84' 

.00550 

.01650 

.1760 


♦Per inch of liorizotitul projection about luMitral axis. 


Tliero nro many kinds of corrugations. One most commonly used for iron and 
steel sheets for more tlian half a centiuy has an actual i)itch of 2“ ;i-in.t from cen¬ 
ter to center of corrugation and a depth of 1^2 in. (f^t'e Table 5-1). The curved ele¬ 
ments are connectefl by means of short tangents. This corrugation is widely used 
for culverts, in No. S tlirough No. 10 gage and for roofing, siding, grain bins and 
other purposes, in gages up to No. 28. 

Multi-Plate Corrugations 

In 1081, Armco' introduced a larger coriugation for Multi-Plate—heavy struc¬ 
tural plate structures—for large pipe and arches tliat ai-e field assembled. This 
corrugation had a pitch of 0 in. and dei)tli of IJ 2 ib. For extreme loading condi¬ 
tions, Armco in 1989 came out with a “su])er Multi-Plate” corrugation (6 in. ])y 
2 in.). These two corrugations were suiierseded in 1945 by an intermediate conu- 
gation, 6 in. by 15^4 in. However, based on the Michigan tests on various size 
corrugations described on ])age 88 . the (>-in. by 2 -in. corrugation was adopted in 
1951 and is now the standard of the American Association of State Highway 
Officials.” 


tSojnotiuu's errcMU'ouNly failed the forruiu:ali<iu. 
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Hel-Cor Corrugations 

Most comisations are parallel to the length of a sheet and usually circumferen¬ 
tial or at rip,ht angles to the axis of a i'>ipo or cylinder. One exception is in Arinco 
Ilel-Cor Pipe where the continuous lock seam ami corrugations run helically (or 
sjnrally') around the pipe (sec Fig. 2S). 

For diameters of pipe from G in. to 10 in., the pitch and depth are 1 } ^ in. and in. 
respectively. For larger diameters, the pitch and depth are 2 in. and in. I’ospoc- 
tivoly. 

ii//)cs and dimensions of corrugations are used for guard rail, sheet piling 
(or sheeting), tunnel linei' ])lates, steel bridge plank and other pur})oses. These 
are illustrated in Fig. 29. 


y2" 2%" 

T (a) Standard 
(circular arc) 


1 

T (b) Multi-Plate 
(circular arc) 


h- 16 " 




T' 




5^4" 5% 


(c) Flex-Beam 
Guardrail 
(circular arc) 


2" 

i ^6 ^6 ^ 

I (d) Sheeting 
(tangents) 



(e) Bin-wall Stringers 
(trapezoidal) 



2ye" 

(f) Bridge Plank 
(trapezoidal) 




(g) Liner Plate 
(circular arcs) 


Fig. 29. Various types of corrugations commonly used for steel sheets and plates, and fabricated 
products. 


TABLE 5-2 SECTION MODULI OF CORRUGATED STEEL PRODUCTS 
Values in Inches Cubed Per Inch of Width 



16 

1 

U 

1 

10 

6 

7 

5 

, ■'» 

1 

Si Mild. C'oiT. 

1 

1 




1 



1 ■ 

1 


L/x 223'' 

.0071 

.0087 

.0115 

.0141 

.0105 





Mull i-l'l,'lie 2" X (i' 



.0571 

.0732 

.0888 

.0tlS9 

.1117 

.1303 

.1458 

hiiMM Plate 


.0311 

.0478 

.0008 

.0730 

.07!)7 

.0918 

.1035 


She(‘ling—Flange 










Type 



.0517 

.0058 

.0790 

.0800 1 

.0988 

.1104 


Sh(‘el ing— Int(Tloek- 










ing 



.0545 

.0702 

.0857 

.0029 




Fl(*\-Hean) Guardrail 



.1054 

.1202 






Bridge Plank . i 


i 

.098 

.124 


.102 




Klal IMaU- ' 

.0CK)t) 

.0009 

.0018 1 .0030 1 

i 

' 1 

.0045 

.0051 

.0073 

.0095 

.0121 




0 


1 


2 


3 


Deflection —in Inches 
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3 . Do the methods of jointing the plates fully develo}) tlie strength of tlie metal 
in bending and thrust? 

Part of the study was on the influence ol the size and shape of corrugation on 
the plate deflections due to loads; also on the effect of metal tliickness uf)on i)late 


deflections. The five types of corrugations studied were: 

Shape Depth Pitch Sec Fig. 

Type A.CirculMr Arc and Tangent PV, in. i> in. 31A 

Type OA.Circular Arc and Tangent (> 31 B 

Type H.C-ircular Arc and Tangent 2 (J MV 

Type Olt.(Ircular Arc and Tangent 112 t) 311) 

Ty[)c U.Box Type (trapezoidal) 2 (> 31 B 



Fig. 31. Details of corrugations, plates, bolts and joints tested by the Michigan State Highway Dept, 
for the American Assn, of State Highway Officials. 
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Fig. 32. The six tests on straight and curved corrugated sections with and without bolted seams. 
Tested by Michigan State Highway Dept. 

The six fuiidainenttil tests are illustrated in Fijj;. 32. 

1. Straight Columu Tests—EjTect of Corrugation. The effect of tlie style of cor¬ 
rugation on over-all load-carrying capacity, when the plates are acting as inter- 
nieciiate columns, is illustrated in Fig. 33. In all styles of corrugation tested there 
was a |)rogressive spreading and con.sequent reduction of dejttli in the cross sec¬ 
tion of the plates at the center. 

Thickness of Metal. As the metal thickness is increased, the over-all strength of 
the [)lates as columns increases. This illustrates the principle that as the section 
area increases, assuming constant radius of gyration, the load carrying capacity 
of the plates is also increased. 
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2. Column Tests Effectiveness of Seams, In Test 2 the joints were subjected 
to vertical thrust and the criterion for evaluation was ))late slippage. A typical 
failure is shown in Fig. 34. 

3. Curved Column Tests. Tests 3 and 4 were made on plain and bolted specimens, 
l)oth formed to 150-in. and 30-in. radii. In the bolted specimens of Test 4 on 6-in. 
pitch, 2-in. deep corrugations, the arc and tangent type corrugation was slightly 
superior to the trapezoidal type. 

4. Curved. Beams. Specimens in the Beam Tests 5 and 6 were the same as in Col¬ 
umn Tests 3 and 4. Tliese beam tests were for the |)urpose of measuring (1) re¬ 
sistance to load, (2) the rate of vertical and horizontal deformation of the plate, 
(3) tlie (4iai‘actei-istics of the failed .section and (4) the effectiveness of the joint 
wliile the plate was acting as a beam. 

Results showed that theie is a relation.ship between pul)lished .section modulus 



Vertical Deflection—in Inches 


Fig. 33. Influence of corrugation on deflection of 7>gage plain columns in Test 1 J&y4i^icK^ISjNliliii^ 
Highway Dept. Depth of corrugations: OA= 1 Vi in., A = 1 % in., R and U = 2 in. 
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Fig. 34. Typical failure at seams of Type A corrugation.—Photos courtesy Mich. State Highway Dept, 
and Mich. State College. 


and the load carrying- capacity of the various corrujjations. As the section modulus 
inci’oases hy chanftinp; the depth of the section (coriaigation), the load carrying 
ca|)a(Mty increases at an even greater rate. 

Tyi)ic.al failures of Corrugation Type A are shown in Fiji;. 35. 

Conchmom. The principles in use hy manufacturers foi* the desij»:n of the 



Fig. 35. Typical failures of plain and bolted corrugated plates, Type A, in Test 6.—Photos courtesy 
Mich. State Highway Dept, and Mich. State College. 
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Multi-Plate type structures are substantiated by the Michigan State College 
tests.^ Two of the conclusions are very pertinent to the design of structures and 
because of their importance ai*e quoted below verbatim: 

Conclusion 1: ‘^When using 1^4 and 2-in. circular arc type and 2-in. box type 
corrugations in the design of culverts, experience witli the old type I J^-in. depth 
material nniy be used by assuming that corrugations having the same section 
modulus wdll give the same strength against bending.” 

Conclusion (5; Plate curvature had little effect on magnitude of exti’cnie fiber 
stress.” 

Impact Tests on Guardrail 

The first field impact tests on guardrail were made by the ^Missouri State High¬ 
way Department in 1934. Tests included sections of coi-rugated steel plate guard¬ 
rail known as Sheffield (now Armco) Flex-Beam Guardrail. Hoa\y passenger 
automobiles (4800 to 5100 lb) w’erc aimed and sent by gravity down an inclined 
track to strike this and other kinds of guardrail or fence at an angle of about 20 
degrees and at a speed of 32 to 35 miles an liour. 

No strain gage readings w'ere made, the i‘csults being interj'reted broadly in 
determining which types of rail or fence served tlieir purpose satisfactorily. “Ululei* 
the conditions of these tests, the single element steel jdati^ rails w'hich w('r(‘ suffi¬ 
ciently strong to withstand the imi)act force ap))licd were the most satisfactory. 
These rails prevented the (^ars fi‘om leaving the roadway, defl('cted them into a 
path parallel to the rail for a sufficient interval to give the driver soim* cliance to 
regain control of the car, and decelei’ated the (*ai‘s gradually enough that ther(‘ was 
small i)robability of serious injuiy to the occupants. Furthermore, they did l(\a.st 
damage to tlie car and seemed to be in more serviceable condition aftei’ oiui impact.”^’ 



Fig. 36. Racing car striking Flex-Beam guardrail is better than a simulated test. Flying “doughnut* 
is the left front tire. 
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Deflection Tests on Flex-Beam Corrugated Sections 

Plex-Beam sections were tested in the Armco ReseaicOi Laboratories by apply¬ 
ing the load at the center and recording the deflection for each increment of load."* 
The results are shown in Fig. 37 and Table 5-3 for standard (12-gage) and heavy- 
duty (10-gage) sections. 

Similar tests were made on Flex-Ream Guardrail se(‘tions by the California 
State Highway Commission with the results also sliown in Fig. 37. The supports 
were 12 ft apart and the concentrated load applied at tlie center. Deflection read- 


TABLE 5-3 LOAD, DEFLECTION AND PERMANENT SET 
ON FLEX-BEAM GUARDRAIL 


Standard 
{12 (kujv) 

Heavy Duty 
{10 Gage) 

Land 

Drficrfion 

Set 

Load 

Defleelion 

Set 

in Ponrah 

in Inrhrs 

in J nrhea 

in Pounds 

in Inehes 

in Jnehes 

0 

0 

0 

0 

0 

0 

400 

0.43 


400 

0.32 


0 


0 

0 


0 

HOO 

0.S7 


800 

0.05 


0 


0.03 

* 0 


0.02 

1200 

1.31 


1200 

1.03 


0 


0.00 

0 


0.04 

1000 

J.S7 


1000 

J.IO 


0 


0.15 

0 


0.00 

2000 

2.50 


2000 

1.81 


0 


0.30 

0 


0.12 

2200 

2.01 


2400 

2.27 


0 


0.10 

0 


0.20 

2400 

3.4(i 


2(i()0 

2.53 


0 


0.73 

0 


0.25 

2000 

4.43 ! 


2800 

2.80 


0 

! 

1.34 

0 


0.32 

2700 

Max. 


3000 

3.11 


0 


2.32 

0 


0.12 




3200 

1 3.53 





0 

j 

0.60 




3400 

1 4.07 





0 


0.88 




3000 

i 5..11 

1 





0 

j 

i 

1.77 




3055 

1 Max. 





0 


2.37 
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Fig. 37, Curves showing maximum and permanent deflection on 10 and 12 gage Flex-Beam guard¬ 
rail by California Division of Highways and by Armco. 


inp;s were taken at eacli 100 Ih additional load. At each 500 11) the lond was re¬ 
leased and tile permanent set was read. The first permanent srd, h.riin 'vns at 
1500 11). At the maximum pressure of 2940 Ih the ])ermanent s(‘t was 2-^4 in. 

Other states have made deflection te.sts on beam t.ype j’uardrails, with com¬ 
parable results. 

Steel Bridge Plank 

Bridp;e flooring of eorrujJiated steel has b(*en in use in Ohio and other mi(l-west(*rn 
states since 194S. Tlie first known installation consisted of Armco Flex-Beam 
Ouardrail plates fillet welded at the sides and to the ste(‘l strin^eis, replacing* a 
wood floor on a hij^hway bridge. Asphalt was applied to fill the corru^^ations and 
^ive a smooth roadway surface. 

Laboratory tests on two tyjies of corru^iated ste(‘l bridge floorinj; wer(* mad(‘ in 
1951 at Woo.ster and Middletown, Ohio, jointly by United Ste(‘l Fabricators, Inc. 
and Armco Drainage & Metal Products, Inc.*’ The testing apj)aratus shown in 
Fip:. 3(S eonsi.sted of an A-frame with a yoke carrying' an axle and single and dual 
wheels for applying highway Ioadinj;s to corrugated steel bridf;e plank or flooring,. 
This flooring was supported (in steel stringers on 24, lib, 42 and IS-in. c(Miters. and 
by steel floor beams on 12-ft centers. The tires rested on saml box surface 5 in. 
over the corrugations—and in supplementary tests, on an asphalt pavement. 
(Incidentally, a hot-mi\ bituminous pavement properly applied to a i)rinied sur¬ 
face will not cieep or crawl.) 

Increasing loads to 5b,000 lb were applied by a bO-ton hydraulic jack. Supple¬ 
mentary ultimate load tests were made with 12-in. I-beams cut 19 in. long in sub¬ 
stitution for the rubber-tired wheels. These ultimate loading tests indicated safety 
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Fig. 38. Wheel load test on corrugated bridge plank section. 


factors of 3 or 4, usitijj; conveiitioiial design stresses for two types ol cori-ugations, 
considering various materials, gages and spans. 
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CHAPTER SIX 


Riveted and Bolted Seams 


Summary 

Rivets and lK)lts are coinnionly used for shop and field assembly of corrugated 
metal pipe, arches and other structures. Riveted scams arc highly efficient. 

A(a^ei)tance of high-strength l)olts as commonly used for the seams and joints 
of sti-uctural plate pii)es during the past fifteen years, has in recent years spread to 
structui-al engineering in general. 

Bolts of Ivigh tensile steel for field asseinl)ly of large plate structures easily with¬ 
stand a recommended tonpie of 100 to 200 ft -lb. Impac^t wrenches are less suital)le 
for liner plate than for Alulti-Plate because of the likelihood of oversti’cssing the 
smaller diametei* bolts. 

BoltfMl lap joints in the Michigan Tests were found to be 97 per cent as efficient 


Single Double 



Fig. 39. Strength of ingot iron rivets in ingot iron sheets of various gages. 
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Fig. 40. Bolted joints hove been quite 
successful in developing the full load 
transfer across joints in large culverts 
and tunnels. 



MS tlie plates of seamless sections. When standard steel bolts were used, the bolts 
wen* the limiting factor in tlie strength o( the joint, whereas when heat treated 
l)olts weie used, the plates were the limiting factor. Seams with six and eight bolts 
])or foot w(*re found to have significantly greater load-carrying capacity than 
seams with four bolts. 

Riveted Joints 

T(*.sts were made by Arnico to determine the strength of riveted longitudinal 
seams in corrugated metal i)ipe. Corrugated iron sheets, 4 in. by 5 in., of 10, 14, 
12. 10 and 8 gage wcio riveted together with single and double (one and two) rivets, 
and then tested to failure, in single shear. The double rows of hii and ^^g-in. ingot 
iron rivets were placed 2 diameters from the edge of the sheet. Results of the 
sev(*nty tests aie shown in Fig. 39. 

Use of Bolted Joints 

The use of high tensile strength bolts for seams and joints in Multi-Plate struc¬ 
tures has been eminently successful over a i)eriod of more than fifteen years. 
l''ig. 40. These bolts have also been used satisfactorily in tunnel liner ])late 
construction. Such bolts permit developing the full load transfer across the joints 
which is pai'ticularly imj)ortant under high fills. 

As evidence of the soundness of this practice, structural engineers have turned 
to the use of high-strength bolts in place of hot-driven rivets of carbon steel foi‘ 
fabricating ])ermanent steel structures.' 

‘‘A bolt(‘(l joint, like a riveted joint, resists the shear to which it is subjected by 
the friction l)etween the connected parts, but, in the case of the bolted joints, this 
friction is due to the tension in the bolts.’' Wilson points out that the clamping 
force of i\ I-in. higli-strength bolt is about twice as great as that of a 1-in. carbon- 
steel rivet. 
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Bolt Tests for Torque Strength 

Bolts used in Multi-Plate structures are in diameter and made of 

tensile steel meeting a specification calling for 110,000 to 120,000 lb per sq in., 
minimum.* 

When nuts are tightened on bolts, the bolt is subject U) tonpie and tension. 
Overtightening either twists the bolt in two or strips the threads. In Micliigan 
Test^ No. 5, sets of corrugated plates were fastened together with %-u\, bolts from 
various manufacturers. These were tightened with a torque wrench until failure 
occuired. The high tensile bolts withstood about 700 ft-lb tor(|uo. Torque used 
in the main series of tests was 200 ft-lb or well within the working limits of tlie bolt 
strength. Torque oidinarilv recommended for bolted installations is 100 to 200 
ft-ll). 

Tests on Tightening Bolts With Impact Wrenches 

A study was made to determine the amount of torque that can be ap|)lied to 
bolted joints with a pneumatic impact wrench without damaging the bolts, and 
how long to hold the wrench to tlie bolts.** These tests were mada on f’ s-io. black 
and galvanized bolts (A 8 TM: A307) such as are used for the lighter gage tunnel 
liner j)lates (14 through 7 gage), and on ^ 4 -in. galvanizcul high tensile Multi-Plate 
bolts (ASTM: A82r)). The position of the bolts and nuts was vai ied from (nest to 
A^allcy of corrugation and in the flanges. 

As a result of the tests, the desirable minimum and maximum tor(pi(‘ for the 
•>s-in. bolt (ASTM: A3()7) was established at 50 and 100 ft-ll) respectively, t'or 
the Multi-Plato bolts, a maximum of 300 ft-lb of torque was found as allow¬ 

able. The hold-on period varies from 2 to 5 seconds. Howevei*. impat't wrenclu's 
are not altogether suital)le for liner plate installations be(viuse th(‘ flanges interfere 
with operation of the wiencli on more than half of the bolts, and also because of the 
likeliliood of overstressing the smaller diameter bolts. On the otlier hand, impact 
wr(*nclies are suital)le foi- Multi-Plate. 

Bolted Longitudinal Multi-Plate Seams or Joints 

Longitudinal joints of Multi-Plate structures are l)olted together as shown in 
Fig. 1, page 5 and Fig. 2, i)age S of the Michigan Tests. See pages 39 and 40. 
The jdates are lapped and the bolts are staggered in two j’ows with one bolt in 
each valley and each crest, or four bolts ])er foot of seam. (Foi* extreme loading 
conditions, six or eight bolts per foot of seam are used to develop the full strength 
of the plates.) The seams in these tests weie all tightened to a nuiasured bolt 
toixiue of 200 ft-lb i)er bolt. 

In Tests 2 through 15, the “efficiency” of the lap joints was measured in com¬ 
parison with the seamless sections. It was found that for ultimate lofids the joints 
were 97 jicr cent as efficient as the plates. 

Additional Arinco Tefits^ were made to determine the shear strengtii of Multi- 
Plate seams using compression loading on the plates. In these tests six bolts were 
used per foot of seam in comparLson with earlier tests using f(jur and eight bolts 
I)er foot of seam. Short plates of 1 , 3, 5, 7 and 10 gage from two different Armco 
l)lants were used for the tests. Standard %-\n. machine l)olts and %-\n. high ten¬ 
sile bolts (ASTM: A325) were used. 


*iriKh strength bolt.s meet ASTM Specification A325-49T and, if galvanized, meet ASTM 
Specification Alo:^-49. 
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Fig. 41. Load-carrying capacity of Multi-Plate 4 and 6-boit seams with safety factor of 4, using 
high tensile bolts. 


licsults with the boat treated Ixdts in Middletown i)latos are shown in Fiji;. 41. 
For the sajiies tested, the results indieated that in the tests with standard niaehino 
holts, th(‘ holts aie the liinitinji; faetor in the strenji;th of the joint, whereas in the 
tests made usinji; hiji;h tensile holts the plates are the limitinji; faetor. 

Tlie load-eai]yinji; (•a])aeity of seams with six and oi}»;ht hijrh tensile l)olts ])er 
foot was a])i)roximately eciual, hut had a significantly j^reater load-carryinji; ca- 
j)acity than seams with four holts per foot. 

Although lahoratoiy test results giv^e the same total load carrying (;af)a(nty for 
seams of six and eight holts per foot, the use of eight l)olts per foot of seam is l)e- 
lieved to give a somewhat hotter safety factor under field conditions. 

In general there are three types of holted joint failure associated with these 
tests: 

1. Bolt slieai-tension failure—in which the l)olt fails due to a combination of 
shear and tensile for ces. See Fig. 42. 

2. Plate hearing failure—in wliich yielding failure occui's near the holt holes, 
depending on the {uoperties of the material. 

3. Column failure of the plates. 

In these tests the sti-ength of the four-bolt joint was limited by either shear- 
tension holt failure or local yielding at the holt holes. 
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Fig. 42. Tests on joints with no bolts (3-N), four bqlts {3-FH), six bolts (3-BD) and eight bolts (3-AC) 
per foot of seam. Typical shear-tension failure. 




Tests on Liner Plate Joints 

Tests were made l)y J^of. S. House] at the University of AIi(^liijj;an/' to rle- 
terniine the joint strength of Arnieo tunnel liner jdates. The joints wen; of staiid- 
ard offset eonstruetion with five Vy-in. diain. mild steel holts (ASTM: A.'IOT). 
Test results arc shown in the lower portion of Fig'. 43. 

Shear tests \>'ere made by Armeo on the heavier gages of Arimu) liner plate, 7, o 
and 3 gage, to determine the strength of the joints witli 'Vs-in* diameter high ten¬ 
sile holts (ASTJVf: A32r)).^‘ The joints for the 3 and o-gage plates failed hy sheai- 
ing the holts (see upi)er [Toilion of Fig. 43). The 7-gage plates fail(;d in hearing 
before the holts failed, at the same load as in the test hy llousel. 

Tests on Offset vs No Offset Joint on Liner Plate 

The longitudinal (short) seams on Armeo liner plates arc fabritaited with an off¬ 
set as shown in cross section, Fig. 45. (\>mparative compi-ossion tests on short 
lengths were made^ on lap joints with and without an offset, of 12, 7 and 3-gage 
jdates, with J^s-in. holts. Itesults are shown in Fig. 44. Joint sti’cngth increases 
fiom 25 i)er cent for 12 gage to a])j)roximately 85 per cent for 3 gage, due to off¬ 
setting. 

Tension and Compression Tests on Liner Plate Joints for Bins 

Tests were made on tunnel liner iffates to determine joint strength in tension 
and in compression trans\'cisely to the corrugations.'' These tests aided in the de¬ 
sign of liner plate structures used as storage bins (for aggiegates, coal, grain). 
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Fig. 43. Results of test on liner plate with offset joint, using ordinary and high tensile bolts. 


Arraii^eiiiciit of the plates in tlie tension test is shown in Fi^;. 4(5, usinj? first two 
plates and then adding side plates. Gages tested were 12, 7 and 3. Bolts used in 
most of th(‘ tests were ^^-in. diain. tightened with a tonpje wrench to })etween 
90 and 100 ft-ll), 

W’itli the use of side plates (six bolts in addition to the live in the lap joint) the 
increase in load was about (S5 i)er cent for 12 gage |)i.ates, 05 per cent for 7 gage 
and 45 per cent for 3 gage. 

Second j)art of the tests consisted of loading the plab^s in coinj)ression ti ansversely 




Fig. 44. T«$t showing comparison of liner plate joint with and without Fig. 45. Detail of liner 

offset, using mild steel bolts. Detail at right bottom shows these joints. plate offset joint, at top. 
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to the corrugations as shown in Fig. 1 (of 
report). Results of both series of tests are 
shown in Table 6-1. An increase in plate 
thickness from 12 to 7 gage (60 per cent 
increase) gave an increase of about 50 per 
cent in the load carried by the straight 
joint, but further increase in gage resulted 
in a different type of failure and very little 
more joint strength. 

The maximum loads obtained on the 
compression tests transverse to the corru¬ 
gations were somewhat erratic due to dif¬ 
ficulty of obtaining axial loading. The 
strength of the section in this direction is 
materially affected by an increase in gage. 


Fig. 46. Tension test on 
liner plate joint with bolted 
longitudinal seams. 



TABLE 6-1 RESULTS OF TRANSVERSE-COMPRESSION AND TENSION 
TESTS ON TUNNEL LINER PLATE JOINTS 



Ma.rimum Load, 

in Pounds per Joint 


Gage 

Trariseerse 

Tension Tests 

Tgpe of Failure 




( 'onipre«ifion Tests 

Straight 

Reinjoreed 




Joint 

Joint 


12 

4,140 

27,700 

52,000 

Pulled out squan* hol(*s in j)lal e 


4,075 



12 

4,040 

30,350 

55,4(K) 

Pulled out s(juare hot(*s in plate 


3,905 




7 

8,250 

44,750 

74,000 ; Pulled out s(ju;in* holes in plat e* 


8,850 




7 

8,300 

43,900 

72,400 

Pulled out square hoh^s in plat (* 


8,500 



3 

23,000 

4 7,(KM) 

64,000* Sheared bolls 


23,150 

j 


3 

22,000 

44,600 

69,600* ! Sheared bolts 


19,750 


: 


3 

1 


76,200 

j 

(High tensile l)oIts used) 


♦Lap-joint bolts sheared first. Next, with .sidelwjlts only, bolts .sheared at 53,200 lb and 
54,800 lb respectively. 

Mild steel l>olts except on la.st test. 
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Tension Tests on Flex-Beam Joints 

All splices of Flex-Beam OuMnlrail are made with seven heat treated hiji;h tensile 
holts of 5^-in. diametei*. Tension tests on a number of joints were made with the 
results as i^iven in Tal)le 6-2.** 

TABLE 6-2 TENSION TESTS ON FLEX-BEAM JOINTS 


Tt’st \o. 


Load 

.1 reraqc Load 

in I*oundii 

in Poundu 

1 

12 

59,700 


2 

12 

72,400 


3 

12 

73,800 


1 

12 

63,300 

(‘>3,310 

5 

12 

(>0,200 


6 

12 

(>0,000 


7 

12 

53,800 


S 

10 

i. ; 

i 99,200 

1 

1) 

10 

88,700 i 


10 

10 

78,600 

88,980 

11 

10 

86,300 

1 

12 

10 

89,300 


13 

10 

91,800 



Nestable Pipe Seams 

Comprc'ssion t(*sts on the notched seams of nestable corruj^ated pipe give an 
ellicieiHW f)f 1)1.5 per cent as com[)ared with the riveted seams of corrugated metal 
pip(\ Tests were on 10 ^a”;(* to 16 ^:aj!;e j)i|)e in diameters up to 30 in. 
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CHAPTER SEVEN 


Pipe, Arches and Pipe-Arches 


Summary 

The best streiijijth test of a structure is under the actual conditions in which it 
is to serve. However, field and laboratory testinj»; and analyses are heliiful in de- 
velo})in^; a rational design procedure and in avoiding wasteful oveidesign. 

Chapters 1 to 4 have dealt with field loading of conduits and ineasureinents of 
pressui-es, strains, deflections and bending moments. Chapters 5 and (i have dealt 
with laboratory tests on the component parts of IVoi icated metal structures such 
as sheets, plates, corrugations, rivets, bolts, scan\s, etc. 

The purpose of tliis chai)ter is to descril)e laboratory tests for determining the 
|)hysical properties of metal structures, the typical pathway to failure, and meth¬ 
ods for arriving at a rational design formula.. 

A flexible metal structure owes ordy a small portion of its resistance to failure to 
its own inherent strength, but as an underground conduit it owes mucli of its 
strength to the lateral pressure of the earth. It is possible to anal>'ze the structuii' 
itself, which follows the thin-ring elastic theory. However, eai’th pressures are so 
\’arial)le under conditions of conduit flexure that rational design foj'iiiulas still 
contain doubtful elements. 


PART ONE 

LABORATORY DEFLECTION TESTS 


Flexible Pipe Under Load 

How is a comparativ(*ly thin-walled metal conduit, such as a culvert, able to 
stand up under tremendously high fills without failing, when hy C()mi)arison a 
rigid (H)nduit of brittle imiterial needs to have a very thick wall? The answer is 
that a flexible structure is able to give or deflect under the load and thereby relieve 
itself of a large part of that load, whereas a rigid sti*uctui*e is subject to a greater 
load. This was described in Marston^s Theory of Loads in Chapter 1. 

A flexible metal conduit therefore reacts differently uruler load than does a 
rigid conduit. It relies only partly on its ‘‘inherent” strength or stiffness to resist 
external loads. In deflecting under load, it “bulges” at the sides, compresses the 
soil, and thereby Imilds up passive resistance. This in turn helps support the 
vertically-applied load. 

Spangler says’ “Since so much of the total supporting strength (of a flexible 
pipe) depends upon the sidefill material, any attem[)t to analyze the structural 


55 



56 


STRENGTH RESEARCH 


behavior of this type of culvert pipe under a fill must consider the earth at the 
sides to l)e an integral part of the structure.” 

It is necessary to test a pipe to failure in order to properly analyze it. A flexible 
pipe, if sufficiently loaded with earth, usually proceeds to failure not by shearing 
of the ri\'ets or bolts in the longitudinal seams or by tearing of the metal at the 
seams, but by deflecting until it collapses. The stages of deflection of a flexible 
pil)e are shown in the accompanying drawing. Fig. 47. “The whole action is one 
of deflection change unaccompanied by rupture or buckling of the metal ring, al¬ 
though the material in certain parts of the ring may be stressed well beyond its 



Fig. 47. Stages of deflection of a flexible pipe. (Iowa) 


elastic limit . Therefore, any attempt to rationalize the structural design of flexible- 
])ipe culverts sliould be diiected toward the development of a method for pre¬ 
determining the d(!flection of the pipe under sjtecified conditions of installation.” 

Spangler Tests at Iowa State College 

S])angler made extensive tests on the structural performance of flexible pipes 
und<'r earth embankments and in the laboratory toward develojjing a rational 
theor>' of design.^ This ])roject was made in cooperation with the U. S. Bureau 
of Public Roads. 

One phase of the experimental work included a series of laboratory load tests 
on nine rings of standard riveted corrugated pii)e and one bolted Multi-Plate pipe 
ring. Specimens included: 

One 24-in. 14 gage (1 riveted seam) 

Two 3()-in. 16 gage (1 riveted seam) 



PIPE, ARCHES AND PIPE-ARCHES 


57 


Two 42-in. 14 gage (1 riveted seam) 

Two 48-in. 14 gage (2 riveted seams) 

Twc) 00-in. 12 gage (2 riveted scams) 

One 120-in. 1 gage (8 bolUHl seams) 

Tests consisted of measui-ing the deflection and the strain (at top inside or bot¬ 
tom inside) undei- two-edge and three-tMlge loads. These tests helped establish 
the validity of the “thin-ring elastic theory of flexure ,”2 even where the deflection 
and change in radius is relatively large. Quoting S^^angler, “Therefoie, if the 
loads {ind i)rcssiires acting on a flexible pipe are known (or can l)e assumed confi¬ 
dently), the deflection of the pipe can be determined l)y this theory within the 
elastic limit of the mateiial.”^ 

However, one imj^ortant point recognized by G. E. Shafer^ and his Armco as¬ 
sociates is that “flexil)lc pipes do not fail as soon as the metal is stressed l)eyond 
the clastic limit, but continue to function structurally until the deflection results 
in a change in sha[)e to the extent of leversing the curvatuie in the top or l)ottom 
of the structure. If one agrees . . . that structural failure of corrugated metal struc- 
tuies is due to (excessive deflection, the problem then is to determine a method of 
l)redicting deflection.” 

Tests have been made by Armco on Multi-Plate i)i])e with the diameter restrained 
at api)roximately the (piartei* jHjints by means of adjustable steel rods. The pur- 
])ose is to simulate the restraints afforded by shop struts and other field conditions 
under load. Hesults to date have shown little correlation to field measurements. 

Bending Moment Within Elastic Range 

l*)arly tests were made on concrete and east iron pipe by Prof. A. N. Talbot at 
the UniA’crsity of Illinois in 1908. The report on the test^ includes a comj)lete 
mafluMuatical analysis of tl»ese rigid j)ipes under different loading conditions. 

Tliis mathematical analysis developed the rational cHpiations for bending moment, 
fibc'r stress and deflection for a concentrated vertical load, uniform verticail load, 
and a unifoi-m vertical and horizontal load. Fig. 48 shows these three types of 
loading as ( ase (a), (b) find (c) respectively. 

Pending moment alone is given here for the reason that it is the direct cause of 
failure in tlie rigid t>^p(? culvert. The eijuatioii for liending moments ami numerical 
examiiles for each of the three cases are given as follows: 


Q 





Fig, 48. Three types of loading: (a) concentrated vertical, (b) distributed vertical and (c) distributed 
horizontal and vertical load. 
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For M fOMcentratcd vertical load, Case (a), the inaxiimirn moment, at 

tlie crown, is 

M = .159Qd 

wliere Q is the total concentrated load per unit length of pipe in pounds, and d 
the neutral diameter of the injic in inches. For a numerical example, assume a 
load of 2000 lb i)cr ft of lenj!;th concentrated at the cT-own of a 42-in. neutral diam¬ 
eter pij)e. The bendinjj; moment at the crown is 13,850 in.-lb. 

For a uniformly distributed vertical load, Case (b), the maximum bending 
moment, at the crown, is 

M-irJfV/ 


where W is the total load per unit length of i)ipe in pounds. Assuming the same 
load and ])ipe as in the example under (\ase (a), the bending moment in this case 
is 5,250 in.-11). 

For a uniformly distributed vertical and horizontal load, Case (c), the bending 
moment is 

M = !,^(1-V)HV/ 

when* 7 is tlx* j-atio of the lu)rizontal to th(‘ vertical inUmsity of pj’essure. Assum¬ 
ing a <1 of .37, the maximum bending moment for the same pipe and load as above 
is at the crown and is ecjual to 3,30S in .-lb. 



Loads in Pounds per Linear Foot 


Fig. 49. Bending moments for various loads on 42<in. diameter pipe. 
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It is seen tliat tlie al)()\'e l^endin^ nioments, 13,350. 5,250 and 3,308 in.-D). re- 
speeti\’ely, lia\e deereased in amount as the load on the pipe has become more 
evenly distributed around the ])eriphery of the pipe. The bending moment con¬ 
tinues to decrease with greatei- distiibution until the equivalent of hydrostatic 
})ressure is established. In this case the j)i'essure at any point on the periphery 
of the pij'e is ecpial to tiiat at any other point, and the bending moment is zero. 

The ii{)per three curves in Fig. 40 show graphically the amount of the bending 
moinents for diffei-ent loads according to the three formulas above. The fourth 
curve r(dates to the tests ol the American Railway Fngine(‘ring Association de- 
scihoed on page 12, 



Fig. 50. Sand¬ 
box used in 
testing strength 
of corrugated 
metal pipe, 
1909. (Talbot) 


Crushing Test on Pipe by Talbot 

In Talbot c(mducted a sandbox test to determine the crushirjg strength 

of a 3b-in. diameter standaid corrugated metal i)i))(n 8 ft long (see Fig. 50). 1die 
total load carried was 1S4.000 lb or 92 tons. l)es))it(‘ this IrtMiuaidous load, the 
report reads, “The pijje was still in good condition, and there w'as no fracture in 
the metal.’' 

Crushing Test by Fowler 

Se\'en years later, in 19JO, another important investigation on corrugatcid pipe 
was made l)y George L. Fowder, consulting engineer in Xew' 5'ork (dty. One pur- 
])ose was to estal)lish the collai).sing pi-essure of corrugated metal j)ij)e under ex¬ 
ternal hydrostatic loading; another i)urpo.se was to find, if [)ossil)le, the crushing 
strongtli of the pipe in a sandbox test. 

Bi iefly. the results showed tliat the corrugatedmetal pipe; was capal)le of wdth- 
standing enormous pressure's appre)ximately three le> lifty timers the meiasurcel in- 
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Fig. 51. External hydrostatic collapsing strength of corrugated metal pipe based on Fowler tests. 
Based on 1 2, 24 and 48*in. diameters. 


ioiisitios of pressures on the eorrugnted ])ipe l)eneath the Jio-ft railioad till in th(‘ 
AIlI'iA strength tests. See Fig. 51. 

These test speehnens differed from an aetual eidvert instMllation in that th(‘v 
were only 8 ft long and the ends were contiiied. Also, the ultinuite collapsing 
strength was the consideration. 


PAkT TWO 

BEAM TESTS 


Riveted Corrugated Pipe 

In designing pipe lines to be supported on piers, saddles or other supports, it is 
necessary to know tlic weight of the material to ])e carried as well as tlie gage 
and weight of the pipe; also tlie permissible deflection. Beam tests on corrugateil 
metal pipe were made at Ohio State University, llesults are interpreted and given 
in the chapter on Design, page 144. 
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Helical Corrugated Pipe 

Tests were made by Armeo^ on 10-ft lengths of 6 and S-in. diamet(?r helical 
corrugated pipe; also on 8-in. standard rivete^l corrugated pipe for comparison 
purposes. In tlie tests the supports were 114 in. apart with the load at the one- 
third points (see Fig. 52). 

Tlie loads carrie{l by the pipe with (lefle(‘tioii ranging from l}4 to 3 in. are shown 
in Table 7-1. 

The beam strength of helical pipe of ecpial size and gage is greater than that of 
standard corrugated metal pijje l)ecau.se of the shallower corrugations and because 
of the diagonal direction of tlie corrugations in the helical pipe. 




Fig. 52. Method of testing 
helically corrugated metal 
pipe as a beam with third- 
point loading. 



TABLE 7-1 BEAM LOADING ON CORRUGATED METAL PIPE 


Kind of 
Corrugation 

Diam. 

in 

Inches 

Ga. 

7Wa/ Load 

on 10 

Ft of I 

lion in 

i 2 

Hfte—in Lb 

y2 

Say or Deflcf 

\ i \ I'A 

) ache 

1 m 

.s* 

3 

Helical. 

6 

18 

394 

662 

892 

1060 

1158 

1278 

Helical. 

6 

16 

472 

876 

1236 

If) 14 

1720 

1876 

Helical. 

8 

18 

460 

806 

1090 

1310 

1454 

1562 

Helical. 

8 

16 

860 

15601 

1970 

! 2240 1 

2410 

2510 

Standard... 

8 

16 

496 

846 

1220 

1446 

1626 

1766 










Ultimate Load —in Lb per In. of Sheet Length 
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PART THREE 

COLUMN TESTS 


Tests were conducted on riveted corrugated pipe at the University of North 
Carolina in 1927 and the following was determined : 

1. Proper size and sj)acing of circumferential rivets in corrugated metal pipe 
used as columns. 

2. Supporting strength of corrugated pii)e for bridge piers and caissons and for 
columns in general construction. 

3. Maximum pressure that can safely be exerted on the end of corrugated ])ipe 
in jacking it through an em])ankment without buckling the corrugations. 

Fui'ther tests were made at the University of Illinois in 1936. The results of 
these and the earlier tests are shown in Fig. 53. 



Fig. 53. Column strength of standard corrugated metal pipe—ultimate unit compressive strength of 
short columns as determined at University of Illinois. 
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TABLE 7-2 END COMPRESSION TEST ON CORRUGATED 
METAL PIPE 


Kind of Corrugation 

I 

Diam. in ^ 
I nches 

Gagr 

A rerage 
Max. Load 
in Lb 

Helical. 

0 

18 

9,325 

Helical... 

0 

10 

10,312 

Helical .... 

8 

18 

9,133 

Helical. 

8 

10 

14,875 

Standard.. . . 

8 

1 

10 

10,090 


Helical Corrugated Pipe 

Kiul coini)icssi()n tests wcie made on lO-ft loii^tlis of 0 and S-in. helical lock- 
seam corj'usated metal pii^o. The results, including? S-in. standard riveted corru¬ 
gated ])ipo, are shown in Table 7-2. The diagfmal corrugations give greater strength 
than (lo the cii’cumferential cori’Ugations.*'^ 
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Fig 53A An early high fill |ob Seventy two in Muiti Plate under 74 feet of fill on the Miami 
Superior Highway, Arizona. 



SECTION TWO 


STRENGTH DESIGN 


Foreword 


Evkn the simple culvert becomes important when considered in tlie over-all j)ic- 
ture. Ai-ound half a billion dollars is spent annually for small drainage stru(d:ures. 
Fui-thermore, these arc for the purpose of protecting many billions of dollars worth 
of engineering construction. Hence the need for engineers to detej-mine when and 
where drainage structures are required, and to select or design them adeejuately 
but not wastefully. 

An engineer is defined as “one who understands the forces and materials of na¬ 
ture and applies them for the benefit of .mankind witli greater economy than ji 
layman.’^ 

In building a structure, the following engineering op(‘ratlons are involved: 

1. Survey of the conditions. 

2. Selection of appropriate engineering principles. 

3. Design or selection of the structure, including plans and specifications. 

4. Construction or installation. 

Each of these steps is subject to a degree of error. (Ireater accuracy can (H)ine 
only as better information is made availal)le to tlie engineer. 

The engineer evaluates facts and theories and he knows that matliematical fo?- 
rnulas and charts are no safe substitute for common sense, experience and under¬ 
standing. 

This section of the handbook deals with design pi'incijdes and i^ractices as a))- 
plied to fabricated steel i^roducts for drainage and other engineering construction. 
The discussions and methods given for design are not the oidy ones, nor aie they 
consideied the final word. They are based on many years of engineering expe¬ 
rience and are known to be practical. In many instances, the current practic(is 
of other engineering groups are cited, so that the engineer can evaluate and use 
his own judgment as to what best fits the problem at hand. 
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Design of Corrugated Metal 
Structures 


Summary 

A cornij'JiW motal ronduit lias considerable inherent strength, but by deflecting 
\inder a fill load, it obtains a remarkable increase in strength from side su])port 
of the surrounding material. Failure o(“curs through change of shape and buckling 
under excessive deflection. Deflection for various diameters of pi])e under various 
fill heights can be controlled by change of gage (wall thickness) and liy methods 
of installation discussed later. 

The design of flexible conduits for strength is not an exact procedure. Research 
lias not re\ealed enough facts to jiermit rational or analytical design. Instead, an 
empirical formula, based on the observation and measurement of thousands of 
structures in service, has been used to determine safe and economical gages for 
])ipes (and pipe-arches) und(‘r highways, railways, streets, airjiorts, levees and other 
loadings. Convenient gage tables for various ty[)es of loadings have been c()mj)uted 
and have been adopted by leading engineering organizations. 

Three su])plementary means of iiu*reasing the strength of ])i))e have be(‘n de¬ 
vised—the elliptical shape, shop strutting and field strutting. 

Strong circumferential and longitudinal joints or seams and c()\p)lings are of 
primary importance, ])articularly under high fills, and for live loads under shallow 


Live Load 

I , 1. 1 i 


Impact, Vibration (under cover of 
less than 11 ft) 


I I I I 


Transverse Pressures; Soil Movements 
Settlement \ \ \ \ 

I_ / \ Dead Load (weight of fill) 





Undermining 


Frost 


^ - rr__I ii_J_ 


Erosion and Undermining 
Fig. 54. Principal physical forces acting on underground conduits. 
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TABLE 8-1 FACTORS IN STRENGTH DESIGN OF UNDERGROUND CONDUITS 


Primary Factors 

Related Factors 

LOADS 


1. 

Surface load -static or moving; 
weight, impact, vibration 

Produced by construction equipment, normal 
traffic; illegally heavy loads 

2. 

Dead load—weight of fill 

Kffect of surface load plus dead load is least 
under highway cover of 4 ft— 

3. 

Transverse pressures and soil 
movements 

—under railrotid covc'r of 11 ft; wet soils; 
rough surfa(‘('s 

4. 

Frost action; ice 

Distribution of surface load de|>ends on depth 
of pavemc'nt, track or othei- i>ast' 

BACKFILL MATIORIAL 


L 

Kind of soil - 

—internal friction, (;ohesion, dnunability, 
volume change 

2. 

Moisture content— 

—during backfill and lat(‘r 

3. 

How backfill is placed 

Fnd dumped, scrapi rs. in layeis. depth of layers 

4. 

C Vtmjtacl ion met hods 

Non<‘, hand, grading ecpiipment, mi'chaincal 
tampers, or rollers 


INSTALI.ATIOX COXDITIO.N .uid! 


METHOD 

1. Tr(‘n{!h 

2. Projection (|)o.sitive or 

3. Tunneling, jn,eking, threading 

CONDUIT 

1. Flexible or rigid inat<‘rial Ihiiformily; ins})(‘ction methods; control in 

iiijinufactun* 

2. Size and gMg(* (wall thickiM'Ss) Passive or active rf‘sistanc(5. Tensile and com- 

f>ressiv(‘ strength 

Iliveted, boltc*d, ceinentj'd 
Circular, ellij)tical, pipe-anrh, other 
Shop or field elongation of verticral diameter 
PeFceiitage of diamet(‘r 
(\)mpression (%‘ip, soft or hard 
lielief of struts <luring scttlemimt of fill 

FOUNDATION 

1. Supporting strength of native s<jil Heplae.etl or aided by granular material, planks, 

brush mats, saddl(‘s, piling 

2. Bedding methods lm[)(*rmissible, onlinary, first class, cointrete 

saddle 

SettkuiKMit under (U- alongside conduit 

Umlermining at emd or due to open joints or 
cra<‘ks in conduits 


3. Joints, couplings, seams 

4. Sliape 

f). Strutting 
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Fig. 55. Battery of five 16-ft diameter pipes. Corrugated metal with bolted seams and known as 
Multi-Plate, has extended the range of pipe sizes to 15 ft and larger, and arches up to 30 ft. 


cover, Jind on unstable sub^rrades. Methods of fabricating (;orruga,ted metal struc¬ 
tures and cou|)ling devices as covered by standard specifications provide a con- 
stM vative factor of safety for tlie seams anti joints. 

Strength Design Considerations 

Structural strength of a (advert or conduit is the primary re(]uiremont. Without 
it, other considerations such as material durability, economy and capacity are of 
little avail. 

For calculating strength on an analytical l)asis, the engin(?er should know (I) 
th(* kind, magnitude and direction of all of the loads and forces on the conduit, (2) 
the conditions under which the conduit is to serve, (3) the physical properties of 
the material iF’om which the conduit is made, and (4) the behav'ioi’ of the matei ial 
and stiuctun* under all of these loads and conditions. Much has been learned 
al)out these factors as d(^sciil)ed in the preceding chapters. However, there are 
still many indeterminate factors. Fig. 54 and Talde 8-1. 

The competent designer realizes that design is less a matter of mathematics than it 
is of selection, engineering judgment and experience. He also knows that unless he 
can carefully control the method of installation by reasonable enforcement of 
sivecifications, he must make greater allowance in his design factor of safety. 

Two Kinds—Rigid and Flexible Conduits 

Conduits are of many shapes and materials, but they are usually classified as 
to degree of rigidity or flexibility (sec Chapt. 1, Dead Load Researcli). 

Rigid conduits include |)lain or reinforced concrete masonry or pi|)es, Inirnt clay 
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or cast iron—all of which are essentially brittle. (For design data, see the specifi¬ 
cations published by the various cement, concrete pipe and vitrified cla}' pipe 
manufacturers.) 

Flexible conduits include those made of corrugated steel sheets and plates, whicli 
are essentially ductile. The present chapter deals with the design of this latter 
type of structure. 

Background of Corrugated Metal Structures 

Because of their ability to resist impact, vibration and unforeseen loads, and 
liecause of positive joint strength, corrugated metal structures have licen found 
dependable for difficult as well as normal service conditions. 

C^orrugated metal pipe was first developed and used as <nilverts in ISOh. As con- 
fideiH^e was gained in the use of this light-weight, thin-walled })ipe, the diameters 
were increased to 72 and 84 in. Fill heights were increased to 100 ft or more. 
Users include highway defiartments, railroads, sewer dei)artments. bn’ee engineers 
and many othei’s. 

A fui-ther development in 1931 was the introdu(^ti<)n f>f stiuctural plate (Mnlti- 
I’late) pipe with larger corrugations and diameters up to 15 ft tind arclu's uj) to 
30 ft (see Fig, 55), 

Investigations of thousands of corrugated metal pipe have definitely establish(*d 
tlieir remarkable striudural strength (see page 149). F.vidently the gages, couplings 
and fabrication details recommended by the manufactiirei’s ha\’e been safe .and 
efficient. The insignificantly few failures that have ocaairred have geiK'r.ally been 
traceable to abuse during construction or failure to follow the manufactmaM ’s sim- 
])le installation instructions, and seldom l)ecause of faulty material or design oi 
the structure. 



Fig. 56. Beam strength of 72-in. diameter corrugated metal pipe is demonstrated by this cover 
for belt conveyor at a mine tipple in Pennsylvania. 



70 


STRENGTH DESIGN 


Theory and Design Practice 

Research during the past forty years by Iowa State College and others has led to a 
better understanding of corrugated metal structures, including: (1) the principles 
of flexibility and deflection, and (2) the knowledge that supporting strength de¬ 
pends largely on kind of sidefill material and proper installation methods (see 
“Importance of Backfill” in chapter on Installation Instructions). 

Although M. G. Spanglei' has developed a rational method of designing corru¬ 
gated metal pipe,* it contains some factors’* difficult to evaluate which have de¬ 
layed its general use. 

G. E. Shafer* and his associates developed an empirical formula for determining 
deflection based on the following hypothesis.^ A (corrugated metal ])i))e has con¬ 
siderable inherent strength by virtue of the shape of its cori'ugations and the gage 
or thickness of the metal. Such pipe can change shape under load without frac¬ 
ture because the corrugated metal is elasti(! and ductile. Fig. oh. 

As the vertical diameter of a pipe shortens under load, the horizontal diameter 
increases. This outward movement of the sidc^s of an underground pipe develops 
passive earth prossuin. These side foives add to the inherent strength, greatly in¬ 
creasing resistan(!e to verticfilly-api)lied loads. 

Increased vertical load is generally accompanied by inen^ased side support. 
The amount of deflection will depend upon tlie load, the inherent strength of the 
])i|)e and the tyj)e and (compaction of the fill around the pipe. 

Since corrugated pi])e deflects more or in proportion to load, the deflection 
varying from zoi’o to a maximum of 20 per cent of the diameter at failure, it is a 
simple matter to determine the deflection and safety fa(d()r against collapse of any 
install(*d pipe by iiH'asuring its deflection with an ordinary rule. This lias made it 
possible to derive a “law of deflection” for coringated jiipe based on measurements 
of the deflection of pipes in thousands of installations. For ordinary soil and in¬ 
stallation conditions, the “law of deflection” can be expressed as: 

fim J)n 

where //,. = deflection of pipe in inches 

// = height of fill above pipe in feet 
7) = nominal diameto of pipe in inches 
/ = thickness of metal in inches 
k = a constant 

VI. n. r=rexponential factors 

In order to dedermine the value of the exponents and the constant k, measure¬ 
ments were made on various diameters of (corrugated pi|)e under dilTerent heights 
of (ill. The strength tests described in (fliai)ter 1 weic also used in determining 
the valu(‘s of the exponents and constant. 

Most of the gag(‘-versus-fill-}ieight tables in common use today are leased on 
cx])eriencc with tliis empirical formula first developed in 1920. They are com¬ 
puted on the basis of an expected deflection of o per cent, or a factor of safety of 4. 

How Strength is Specified 

The strength of corrugated metal structures is ordinarily (established hy a fabri¬ 
cation sp(>ci(ication and a design specification. The latter specification includes: 


otiKinocr, Arinco Drainage & Metal Products. Iiu'. 
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1. Size of corruption (pitch-center to center—and depth) 

2. Shape (full circle or pipe-arch) 

3. Width of lap 

4. Rivets, bolts or other connections 

5. Couplings (kind and size) 

6. Strutting (if required) 

7. Foundation or bedding preparation 

8. Backfill, how to be made 

Tlie design specification requires a certain commercial gage (thickness) of metal 
for various heights of cover and type of lf)ading. 

Specifications in Common Use 

Corrugated metal structures aie accepted as a standard for practically all typ<»s 
of engineering construction. Specifications luive been prepared \v collabonition 
with metal pipe manufacturers and have been a<lo|)ted by engineering authorities 
gencrall 3 \ A list of those in common use is found in Table <S-2. 

TABLE 8-2 SPECIFICATIONS FOR CORRUGATED METAL DRAINAGE STRUCTURES (1954) 



(’w/ccr/.s, Seiners, Un(i*’rj)asses 


Market 

Galvanhed 
Corrugated 
Metal Pipe 

liitmuiuous 
Protected 
Corrugated 
Metal Pipe 

StrurturnI Plate 
Pipes, A rches and 
l*ipe-Arches 

Under¬ 

drains 

State' Highways 

I^urciiu of Public; Roads 

Conn ties t 

Municipalities 

AASIIO* 

M-3()-47 

X 

A.\SnO Standard 
Si)(‘(;ifications for 
Highway Britlges 
—11)53 edition 
Div. IV Sec. 19 

AASIIO 

M-l3()-47 

.National Forests and Parks 

FlMl 
Item 253 

FP-11 
Items 
254 255 

AASIIO Standard 
Sj)ecifi(;alions for 
Highway bridges 
—1953 ('dilion 
Div. IV Sec. 19 

FIMI 
Item 320 
-2.1 (e) 

F(‘d<‘ral agencies, including 
U.S. (^)rps of jMigineers 

(iQ-C-80Ga 


(^Q-C-SOOa 

QQ-C-800a 

Itailways 

AHFA 

1-4-0 

AHKA 

1-4-13 

AHKA 1-4-25 

aih-:a 

1-4-11 

Civil Aeronautics Admin. 

AASHO 

M-30-17 

1 

i 

CAA 

Manual 

r)-703-23 


AASHO 

M-130-47 


♦All states have, in addition, their own specifications tsiniilar to M-.'itp which cover corru¬ 
gated rnetal products. 

tC’ouuties in many instances follow the specifitrations of the state in which they are located. 
TThe published specifi(tations of ino.st states include bituininous i)rotected pipe. Majority 
use industry recommendation, which is same as AH.KA spe(-ification. 
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Fig. 57 . Side view of riveted pipe and standard connecting band or coupling. For severe conditions 
a watertight connection may be advisable. See Fig. 59. 


1. Fabrication Details of Corrugated Metal Pipe— 

Riveted, Full-Round Construction 

Shop Practice: Stiindur’d corrup;ated sheefs (corrugation 2%-in. pitch x 3'2”hi. 
doptli) 253 '2 ill. and of vtirious lengths are curved or formed into a ('ircle. 
These are riveted along the longitudinal seam to form a pii)o. Additional circular 
sections are lapped ov(*r the |)receding section and riveted circumfeientially and 
longitudinally, thereby increasing the length by 24 in. for each section. 

The nominal diameter is the unobsti-ucted inside diameter measured from in¬ 
side* crest of coiTUgation. 

For details, including the ^ 4 -in. lip at each end, see Fig. 57. 

Tlie slieet dimensions, widtlis of lap and weights of galvanized coniigated metal 
pipe are given in Table 

Jlivcts and Riveiinq: The rivets are ihe-in. diameter for 10 and 14-gage sheets 
and ’^s-in. diameter for 12, 10 and 8-gage. The lengths vary with the gage and 
number of thicknesses of metal. 

All ]i\'ets are driven cold with the center not less than twice the diameter from 
the edge of the sheet. The longitudinal seams of all pipe 42 in. or more in diameter 
have two rows of rivets. Circumferential seams have a maximum rivet spacing 
of () in. 

Field Jouds or Couplings: There are several ways of joining corrugated metal 
pil)e in the held. The metliod depends on the type of installation and the extent 
of watertightness required. 

1. Coupling Band. Ihiless otherwise specified, field joints are made with out¬ 
side collars or bands, usually lighter than the gage used for the pipe, except when 
the piiie is No. Ih gage. The bands are 3, 5 or 9 corrugations wide and have gal¬ 
vanized steel angles riveted near the ends. By means of bolts through the angles, 
the bands are drawn tight (see Fig. 57). 
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Nominal 

Diam. 


TABLE 8-3 DIMENSIONS AND WEIGHTS OF GALVANIZED 
CORRUGATED METAL PIPE 
(A. R. E. A. Specifications—1953) 


i Length 

Sheet 
Before 
Forming 
I Inchefi 


M inimum 
Width 
of Lap 


Computed Weight per Linear Foot of 
Finished Pipe Exclusive of End Finish 
{Based on 20-Ft Length of Pipe) in Pounds 

Galvanized Sheet Gage Number 



120.0 140.4 


*T\v() shoels may be used by allowing .sufficient total sheet length.s to provide for an addi¬ 
tional longitudinal lap. 



Fig. 58. Two-piece coupling 
bonds provide positive con¬ 
nections for unusual conditions 
or where the regular bond is 
difficult to install. The bottom 
half is shop-riveted to the pipe. 
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TABLE 8-4 DETAILS OF STANDARD ARMCO CORRUGATED METAL PIPE 
Gage, Diameter, Weight and End Area 


(Jage | 

IHarn. 

in 

Plain 

Galvanized 

A ubestos-- 
Bonded 
Full- 
Coaled 

Asheslos- 
Bonded 
Full- 
Coated 
and Paved 

Plain 
Galvanized 
Full- 
Coated 
and Paved 

Plain 
Galvanized 
Full- 1 
Coated 

End 

Area 


In. 

Lh/Ft 

Lh/Ft 

Lh/Ft 

Lh/Ft 

Lh/Ft 

Sq Ft 


8 

7 

10 

11 

11 

0 

0.35 


10 

0 

12 

14 

13 

n 

0.55 


12 

10 

11 

17 

10 

13 

0.70 

K) 

15 

13 

17 

20 

10 

10 

1.23 


18 

15 

20 

21 

23 

10 

1.77 


21 

18 

23 

28 

27 

22 

2.41 


21 

20 

27 

32 

31 

25 

3.14 


8 

0 

II 

13 

12 

n 

0.35 


10 

11 

14 

10 

15 

13 

0.55 


12 

13 

10 

10 

18 

15 

0.70 


15 

10 

20 

23 

22 

10 

1.23 


18 

10 

24 

28 

27 

23 

1.77 

It 

21 

22 

27 

32 

31 

20 

2.41 


21 

25 

31 

37 

30 

30 

3.14 


30 

31 

38 

45 

43 

37 

4.01 


3() 

37 

46 

51 

52 

44 

7.07 


42 

41 

54 

03 

01 

52 

0.02 


48 

50 

61 

72 

00 

50 

12.0 


8 

12 

15 

10 

! 10 

14 

0.35 


10 

15 

18 

20 

20 

18 

0.55 

1 

12 

18 

21 

24 

23 

20 

0.70 


15 

22 

20 

20 

20 

25 

1.23 


18 

20 

31 

35 

' 34 

30 

1.77 


21 

31 

30 

40 

30 

35 

2.11 

12 

24 

35 

41 

47 

45 

10 

3.14 


30 

43 

50 

57 

55 

10 

4.01 


30 

51 

00 

08 

00 

58 

7.07 


42 

(iO 

71 

80 

i 78 

()0 

0.02 


48 

08 

80 

01 

88 

I 78 

; 12.0 


51 

78 

02 

104 

101 

! 80 

1 15.0 


00 

i 80 

101 

111 

111 

08 

10.6 


00 

j 05 

111 

120 

122 

107 

23.8 


18 

33 

38 

! 42 

41 

37 

1.77 


21 

30 

44 

1 40 

48 

43 

2.41 


24 

44 

51 

i 50 

55 

1 50 

1 3.14 


30 

55 

02 

i 00 

i 07 

61 

4.01 


30 

05 

74 

i 82 

^ 80 

72 

7.07 

10 

12 

77 

87 

1 00 

04 

85 

0.02 


48 

87 

! 00 

1 no 

107 

07 

12.6 


54 

1(K) 

1 113 

! 125 

122 

; no 

15.0 


00 

no 

1 124 

138 

135 

' 121 

10.6 


00 

121 

i 137 

151 

r 148 

133 

23.8 


72 

130 

! 140 

105 

101 

1 145 

28.3 
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TABLE 8-4—(eont’d.) DETAILS OF STANDARD ARMCO CORRUGATED METAL PIPE 
Gage, Diameter, Weight and End Area 


Gage 

Diam. 

in 

Plain 

Galvanized 

AnhcMoH- 

Bonded 

Full- 

Coated 

Asbestoii- 
Bonded 
Full- 
Coated 
and Paved 

Plain 

Gal rani zed 
Full- 
CiHited 
and Pared 

Plain 

Galvan ized 
Full- 
Coaled 

End 

Area 


In. 

Lh/Ft 

Lh/Ft 

U>Ft 

LhFt 

U>/Fl 

FvFt 


24 

54 

00 

00 

05 

50 

3.14 


30 

00 

74 

SO 

78 

72 

4.01 


30 

70 

88 

00 

04 

SO 

7.07 


42 

03 

101 

113 j 

no 

101 

0.02 


48 

U)0 

118 

128 1 

120 

115 

12.0 

8 

54 

121 

131 

140 

111 

132 

15.0 


()() 

134 

148 

101 

15S 

1 145 

10.0 


0() 

140 

103 

177 

171 

150 

23.S 


72 

150 1 

177 

103 i 

ISO 

!73 

2S.3 


8t 

180 1 

207 

1 225 

221 

; 203 

I 3S.5 


0() 

212 

' 230 ! 

! 250 

251 

1 231 

1 50.3 


Note: WcIkIiIs .sliown are uveruKod; not to be used in si)e< ife‘.Mtions. 


2. Two-Piece Coupling Band. On ])i|)e lar^jor than (U) in., or whon a. l)Mn(l is to 
1)0 iiistallod uiidor diflicult conditions such as under water, a two-i)iece hand is 
available. Such a hand is usually bolted, toj^etlier at oj)i)osite sides of thi‘ |)i|)e, 
rather than at the to]) and bottom. 

r‘h Modified Two-Piece Band. Particularly for sewer ])i|)e and for diflicult lo(‘a- 
tions, the lower half of the two-piece coiipliu]*; can be shoj) riveted to tlie pi|)('. 
The up])er half can either be loose oi’ can be shop riveted to the adjaceid/ s(*ction 
of ])ipe (see Fij;’. oS). 

1. Watcriigld Coupling. This type of coupling: is userl on aerial scnvers, levee 
culverts and elsc'wheie. It consists of a corrugated collar drawn ti]:;ht by means 
of threaded rods and silo-type luj^s. To permit the band to fit snu]>;ly into th(‘ cor- 
ruj-ations of tlie j)i|)e, the livets in the longitudinal seam ar(* omitted and th(‘ 
seams welded (.see Fi]z;. oh). 

Other types of })ands are sometimes employed to obtain wat(*rti]»:htne.ss at tin* 
pi])e joint. 



Omit rivets and weld seam under bond 

Fig. 59. Details of special watertight joint with rods and lugs. 
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5 and 6. Internal Expanding and Internal Contracting Bands, Internal bands 
are used on “threading” and other jobs where there is insufficient working space 
around the outside of the pipe. 

7. Field Riveted or Bolted Joints. On jacking jobs and some threading jobs, the 
pipe is specially fabricated and match punched for field riveting or bolting of pipe 
lengths. 

End Finish: The ends of corrugated metal pipe, where exposed, should be pro¬ 
tected from damage by impact of vehicles or equipment. Prefabricated metal 
“end sections” for diameters up to 48 in. provide such protection as well as give 
a finished appearance (see page 264). 

2. Fabrication Details of Corrugated Pipe-Arch 

The fabrication of standard riveted pipe-arches is similar in most respects to 
that of full-round pipe. The difference is in the supplementary operation of form¬ 
ing all arch from the pipe by means of a heavy press after the pipe (and connecting 
band) is fabricated. 

Pij)e ranging from 15 to 60 in. in diameter is used in forming arches with a span- 
rise of 18 X 11 in. to 72 x 44 in. See Fig, 60 for nomenclature, and Table 8-5 for 
details. 



TABLE 8-5 DETAILS OF CORRUGATED METAL PIPE-ARCHES 


Diant. of Pipe 
of Equal 
Periphery 
in Inches 

Span* 

in 

Inches 

Ri^e* 

in 

\ Inches 

1 ‘7r’* 

in 

Inches 

A red 
in 

Sq Ft 

15 

18 

11 

■iH 

! 

1.1 

18 

22 

13 


i 1.6 

21 

25 

16 

5 J 4 

2.2 

24 

20 

18 

5)2 

2.8 

80 

36 

22 

614 

1.4 

36 

43 

27 

7 

6.4 

42 

50 

31 

8 

8.7 

48 

58 

36 

OK 

11.4 

54 

65 

40 

lOH 

14.3 

60 

72 

44 

UH \ 

17.6 


♦Manufacturing tolerance *=plus or minus one inch. 
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TABLE 8-6 DETAILS OF STANDARD ARMCO CORRUGATED METAL PIPE-^ARCHES 
Size, Gage, Weight and End Area 







.1 .s5c.s7o.N- 

Plaiti 



Size 


Plain 

.1 shestos- 
liondnl 

Ponded 

FnlF 

(lair. 

Fall- 

Plain 

(lalra-^ 

End 



Gage 

uafra- 

nized 

Fuli- 

Coaied 

Coaled 

and 

Coatid 

and 

HI zed 
Full 

.4 mi 

Span in 

Rise in 




Pared 

Pared 

( (Kited 


In. 

In. 


Lb/Fl 

Lh/Fl 

Lh'Ft 

' 

IJ> Ft 

Lh Ft 

S<i Ft 

18 

11 

10 

13 

17 

24 

22 

10 

l.i 



11 

10 

20 

20 

25 

10 


22 

13 

10 

15 

20 

27 

20) 

10 

1.0. 



M 

10 

21 

31 

30 





12 

20 

31 

38 

37 

30 


25 

10 

10 

18 

23 

31 

:;o 

*’’2 

2.2 



It 

22 

27 

35 

31 

20 




12 

31 

30 

11 

13 

35 


2<) 

18 

M 

25 

31 

10 

30 

30 

2.8 



12 

35 

11 


10 

10 



22 

1 1 

31 

38 

50 ‘ 

IS 

37 

4.4 



12 

13 

50 

02 

00 

10 




10 

55 

02 • 

7 \ 

72 

01 


43 

27 

11 

37 

10 1 

00 

58 

11 

0.1 



12 

51 

00 

74 

72 

58 

i 

1 



10 

05 

7-1 

88 

80 

72 

1 

50 

31 

12 

1 

00 

71 

80 

, 81 

00 

j 8.7 



10 

77 

87 

103 i 

1 101 

85 




8 

03 

101 

120 < 

1 

! 117 

101 

1 

58 

30 

12 

i\H 

80 

08 1 

i !M) 

78 

11.4 



10 

87 

00 

117 

! 115 

07 



1 

8 

100 

118 

130 

133 

115 

1 

05 

40 

10 

100 

113 

131 

131 

1 10 

14.3 



8 

121 

131 

155 

152 

132 


72 

44 

10 

110 

121 

117 

1 11 

121 

17.0 



8 

131 

1 18 

171 

108 

1 15 

1 


\oTi<:: WoIkIiIs .shown arc uvcraKcd; not to he u.scd in .spccificalion.s. 
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3. Fabrication Details of Multi-Plate Structures 

Description of Plates: Multi-Plate pipe, arches and pij)e-arches are made of 
metal sections (structural plates) with corrugations of O-in. pitch and 2-in. depth 
running at right angles to the length of the section. Fig. hi. The sections vary in 
thickness up to ai)proxirnately in. or No. 1 gage (see table of gages. Table 8-7). 

Standard sections are fabricated in four widths, 9 pi (appiox. 29 in.), 15 pi 
(approx. 48 in.), 18 pi (api)rox. 58 in.) and 21 pi in. (a])prox. 07 in.). Table 8-8. 
The sections are in 0 and 8-ft nominal lengths and punched along each edge and 
end as shown in I^4g. 02. 

The actual length of s(piare-end structures is about 4 in. longer than the nom¬ 
inal length because of a 2-in. lip beyond each end conaigation for lapping j)ur})oses. 
Beveled and skewtMl structures do not have this extra length as the one corrugation 
lap is remf)ved in forming the special ends. 

Plates arc fuinislu'd flat or are curved to any radius of 30 in. or largei-. 

Additional physical pro|)orties and design data are given in Tal)Ie S-7. 



TABLE 8-7 PHYSICAL PROPERTIES OF ARMCO MULTI-PLATE 


CKUJi 

Thirknvus 

T 

in J nrhes 

'rnnyrnt 
ijcmfth 
in 1 nclics 

.1 ngh- A 

in 

Dn/nrs 

Min. 

Monicni ! 
of / nvrtia* 
in /- 
/ nchf's^ 

Sc('tinn 
Modulus*] 
in S~ 
Inrhrs-^ 

h‘(idius id' 
(iunit ion 
'in P- 
lnvhes 

:\r< (l of 
Sniion ' 
in 

I nrhes' 

12 

.1010 

1.802.') 

41 28' 

.OtiOl 

.0.574 

.082 

.1207 

U) 

.I3ir> 

1.8000 

44 44' 

.0781 

.0732 

.084 

.KHIO 

S 

.1041 

1.8283 

4.5 (K)' 

.0001 

,0888 ' 

.080 1 

.2041 

7 

.1S3S 

1.8000 

4") 11' 

.1080 

.0080 

.088 

.2283 

5 

.2i4:> 

1.7727 

4.5 20' 

.1270 

.1147 

.000 

.2000 

3 

.210 1 

1.7377 

4.5 47' 

.1403 

.1303 

.003 

.3018 

1 

.2708 

1.7010 

40 0")' 

.10.50 

.1458 

.00,5 

.3432 


*IVr iiu'h of horizontiil projortioii. 
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TABLE 8-8 DETAILS OF UNCURVED MULTI-PLATE SECTIONS 


\(t Widlh in Inches 

OrerHill 

Spaces 

-V... of 

. — .. - 

— — . - . 

Width 

at .9.6* 

\ Circum. 

Nmninal 

Detail 

in Inches 

Inches 

Holt Holes 

•j Pi 

: \ 

28.8 ■ 28i»,fi 


i 3 

A 

lo Pi 

48.0 48 1 

52 

! 5 

0 

18 Pi 

57.0 57^4 I 

r.2»s 1 

i 0 

7 

21 I’i 

07.2 07^i(‘, 


7 

! ^ 


3 " Spacing 4 Holes per Foot Standard, 



Overall Length 6'-4"-‘- or 8'-4''-^ 
Inside Surface 


Fig. 62. Details of 
uncurved Multi-Plate 
plate. 


TABLE 8-9 WEIGHT OF ARMCO MULTI-PLATE SECTIONS 


Width 

Lenijth 

A ppro.rimatc Wciifht of Indiridnal Flutes 
irithoiit Holts* in Founds 

No. HoKs per 
Flafe-\ 

in 

in 


1 








I nches 

Feet 

12 

10 

8 

7 

5 I 

S 

t 





(I age 

i a age 

(iage 

Gage 

Gage j 

Gage. 

Gage 

Short 

Long 

21 Pi 

8 

278 

! 354 

431 

400 

i 

540 j 

022 

000 

34 

\ 

21 Pi 

0 

210 

i 208 

320 

355 

413 ; 

472 

530 

20 

4 

18 Pi 

8 

241 

! 307 

373 

400 

473 : 

.540 

liO.5 

33 

4 

18 Pi 

0 

182 

233 

283 

.308 

358 i 

400 

450 

2.5 

4 

15 Pi 

8 

203 

i 250 

i 315 

343 i 

300 1 

4.55 

512 

32 

4 

15 Pi 

o> i 

l.nl 

1 107 

1 230 1 

200 ; 

; 303 1 

3^5 

388 

24 

4 

0 Pi 

H 

; 120 

I 104 

200 i 

218 1 

253 j 

280 

324 

30 

4 

0 Pi 

0 

' 

; 125 

152 i 

105 

102 1 

210 i 

240 

22 

4 


*Standard puncliiuc, four holes per foot in loiiKitudiiial .seams; tialvatii/.eil, A.\SlTO 2-(>z 
ettatiiiK. 

tl’or fjajres 12 to bolt leiiKths are: I aud for Ka^es '.i and 1: 1 V<{" and I 

Weight in pounds per hundred bolt.s only: 1 V^" l)4"=d7. Weight of one 

hundrerl jiuts: Hi iKMinds. 
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A 

1)4" 


ly/' 

3" 

B 

l?iV' 


i%" 

2%" 


Fig. 63. Dimensions and specifications for Multi-Plate bolts and nuts. 

TABLE 8-10 WEIGHT OF MULTI-PLATE PIPE IN POUNDS PER FOOT OF PIPE 


Xiinihcr (ij I'ldfcs j A jtjfro.rhnalc \\ cii/hl fun' Foot of Structuir in Founds 


in 



. ! 

/.2 

10 

S 

7 

d 

S 

1 

/ nrlics 

to fii i 

IS in' 

2/ id ! 

(iiUlC 

(idifC 

(laur 

(tayr 

(iaijv 

(Uuic 

Goyr 

(10 

1 

, 


111 

140 

1(17 

181 

200 

247 

2(1.7 

(1(1 

2 

2 


120 

1.71 

181 

107 

227 

278 

280 

72 

2 


2 

1.40 

1(14 

lOd 

214 

24(1 

2S0 

414 

7S 


2 

0 

- 

140 

17.7 

211 

228 

2(14 

401 

44d 

SI 



4 

1 IS 

IS7 

227 

2d4 

284 

421 

4(10 

00 

(1 



1 (Id 

208 

2.70 

271 

414 

47(1 

308 

0(1 

1 

2 


17,7 

220 

2(1.7 

287 

442 

477 

422 

102 

1 


2 

1S.7 

242 

270 

404 

.‘«0 

.408 

447 

lOS 


(1 


104 

211 

201 

410 

3(10 

420 

4(10 

1 II 


1 

2 

201 

2.7(1 

400 

447 

487 

441 

404 

120 


2 

4 ! 

214 

2(1S 

424 

471 

40(1 

4(11 

51 (1 

12(1 



(1 

224 

; 280 

448 

3d(l 

424 

182 

540 

i:i2 1 

I) 

1 

2 

210 

401 

4(14 

404 

4.77 

717 

.778 

i:)8 

2 

i d 

i 

210 

414 

477 

•100 

473 

,748 

(102 

Ml 

•1 


i ' 

i 270 

42(1 

1 402 

i 

42.7 

402 

5(10 

(127 

1.70 


d 


2dS 

1 

■ 44S 

j 407 

411 

510 

,781 

(140 

17(1 

2 


0 

278 

; 4,70 

421 

177 

528 

(101 

072 

1(12 


2 

; d 

2S7 

: 4(12 

j 4,4(1 

474 

547 

(122 

dOd 

Ids 



S 

1 207 

; 474 

j 470 

488 

5(17 

(143 

. 710 

171 

(1 


i 4 

; 414 

407 

i 477 

717 

50(1 

(177 

7.78 

ISO 


10 


' 421 

' 107 

! 400 

741 

(11.7 

700 

782 


(Jiilvanizod, wit h bolts, and basud on three rings at S' and one at iV for 0" x 2" corrugation of 
1' s" valley radius. 
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Bolted Assemhlij: ]\Iulti-Plate sections are delivered to the job ready for quick, 
easy field assembly. The sections are bolted toj»ether to form a full-round |)i|)(\ an 
elliptical pipe, an ai-cli or a pipe-arch. Detailed instructions for assembly accom- 
])any each structure. 

(lalvanized ? 4 -hi. diameter bolts made of s])e(‘ial h(‘at-treated (lii^Vi tensile 
strength) steel arc used in assembling Multi-Plate. The under sidc^ of the head is 
shaped to fit either the crest or valley of the corrugations, thereby giving a lai’g<‘r 
bearing area, a tighter seam and simplified erection (see Fig. fi.S). Only a few 
simple hand tools ai‘e needed to make the installation. 

For arch seats, special unl)alanced charmels with anchor lugs are aviiilable (se(‘ 
Fig. fi4). 



Fig. 64. Dimensions of unbalanced channel for arches. 


PART ONE 


DESIGN OF MULTI-PLATE PIPE 


The Gacje tables in (diapters 0 to 14 aie lor average' conditions and take into 
account the fill loads, legal live loads and other' forces likely U) alTect a culvert or- 
conduit, with a factor of safety of 4 to take care of any unusurrl or' unanti(*ipated 
forces. They assume tirat reasoriahJc care will be taken to pi'ox ide a stabh; found;r- 
tion, that ])r‘o|)er backfill material will be used and compacted, and that oth(*r' 
installation sjrecificaitions will be followed. AMiere tiiese conditions are cat'(*fully 
controlled, and where dur-ability is not a limiting lactor, lighter gages may be 
pennissible. On the other hand, under unfavorabh' conditions, or where hurnan 
life or large inve.stment is endangered, heavier gages may be desirable. Str utting, 
as described elsewliere, may be an rdternaU' means of preventing e.xcessive deflect ion. 

The strengtli of the joints, couplings or seams should be (omrnensui’ate with the 
service conditions. 

Multiple Gages. Where large :VIulti-Plate iriires are installed under high fills, cer¬ 
tain economics arc possible by using the heavier gages under the center of the fill 
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STRENGTH DESIGN 



' Cover Ht. ' 

' 70 ' : 




ROD & 
TURNBUCKLE 


63 ' 


Cover Ht. 
100 ' ! 


(K 


TIMBER 

STRUTTED 


Fig. 65. How permissible heights of cover may be increased over a 60-in. 8 go. corrugoted metal 
pipe by changing the shape or strutting. 


and lij^hter gages where the fill decreases in height. This is called “balanced 
design.’’ 

It is also ac^c.epted |)ractice, from r, duraltility standpoint, to use heavier gages 
of Multi-Plate in the l)ottoni than on the skips an<i to|). 

Effect of Strutting 

In selecting tlie gage of a pipe, there an* other factois to considei’ Ix'sides tin* 
heiglit of cover and the surface loads. One such factor consists of making the })ip(* 
in elliptical shape before the fill is consolidated. The mc'thods include manufac*- 
turing the pi|)e in elli])tical shape, or shortening the horizontal diameter by 'vho]) 
strutting,” with tie wires or i-ods, elongating the vertical diameter by field strut¬ 
ting with timliers. 

The effect of tliese operations on the load-carrying capacity of a (iO-in. 8-gage 
pipe is shown in Fig. (io. 

Placing struts in a j)ipe serves to elongate the vertical diameter and to retard 
and re<luc(* the vertical deflection as the fill is placed. Consolidation of the fill at 
the sides of the i)ipe before the struts are removed is a definite means of increasing 
the load-cai’r\’ing cai)acity of the pipe. This is recognized in the gage tables that 
follow. Conse(iuently the designer in many cases may choose l)etween a heavier 
gage unstrutte<l or a lighter gage strutted. 

See further details on stiutting in Chapter 52 on Installation. 








DESIGN OF CORRUGATED METAL STRUCTURES 

PART TWO 

DESIGN OF MULTI-PLATE PIPE-ARCHES 


Thio usk of the pipe-areli is preferred in many eases l)eeause it provid{*s the 
necessary base intej«:rally with tlie arch. This expedites eonstruction. esptM'ially 
under unfavorable weather or foundation conditions. It also })ermits buildinj^ 
units of the structure on the bank and then liftinj;- into i)lace in the channel or 
trench. 

The desij;n of pipe-arches is larf»;ely ])y tlie use f»f the acconijianyin^ ^^a^e-versus- 
till-hciftht tal)les. See Chapters 9, 10, 11 and Kb 




Fig. 67, One of the larger sixes of Multi-Plate pipe-arches for stream enclosure at McGuire Air Force 
Base, New Jersey. 
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STRENGTH DESIGN 


TABLE 8-n DIMENSIONS OF MULTI-PLATE PIPE-ARCHES 



H' 


7G.3 

98.0 

83.5 

104.2 

130.2 

109.8 

137.9 

182.9 

Ml.O 

178.7 
144.0 
177.5 

227.7 

178.3 

153.2 

180.4 

157.9 

183.2 

210.4 

180.5 

210.8 

257.4 

314.7 

254.8 

220.7 

254.1 
297.0 

254.3 

220.8 

255.7 

291.5 

338.1 

290.9 

332.7 


nimt'iisions aro to iusido crosts aiul aro subject to inanufaetiiriiip tolerances. 

*'rheM' structures are preferred because they nive Kreate^st area for piven number of plates 
and bolts per rinp. Mach striu-ture of less span than tliose marked provides correspondingly 
less are.a for the same numl»er of plates aiul Iwlts. 
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TABLE 8-12 WEIGHT Of MULTI-PLATE PIPE-ARCHES 
IN POUNDS PER FOOT 




Total 














Peri- 

A limber of Platen 


A pproximate Weight per Ft of 


/S pan 

Rise 

phery 


per Ring 



Stru'iure —in 

Pounds 





9 

lo 

IS 

21 


to 

s 

7 

5 

S 

1 



Inches 

Pi 

Pi 

Pi 

Pi 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

O'-l" 

4'-7" 

00 

2 

2 

1 


124 

1.50 

187 

202 

231 

205 

207 

()'-4" 

I'-O" 

00 

2 

2 


1 

120 

102 

104 

210 

213 

270 

30!) 

(>'-<)" 

4'-l 1" 

72 

2 

1 

1 

1 

134 

108 

202 

218 

252 

287 

321 

7'-0" 

p'-l" 

75* 

2 


2 

1 

138 

173 

200 

220 

2()1 

207 

332 

7'-3" 

5'-8" 

78 

3 

1 

2 


147 

184 

221 

240 

277 

314 

351 

7'-S" 

f)'-/)" 

81 

3 

1 

1 

1 

1.52 

100 

228 

248 

2S() 

325 

303 

7'-ll" 

5'-7" 

84 

3 

1 


2 

1.50 

100 

23(i 

255 

2!).5 

.330 

375 

S'-2" 

ii'-ii" 

87* 

2 

2 

1 

1 

101 

202 

243 

203 

304 

.34() 

380 

8'-7" 

5'-ir 

00 

3 

3 

1 


170 

213 

2.55 

277 

320 

303 

10(i 

8'-10" 

O'-l" 

03 

3 

3 


1 

17.5 

210 

2()2 

285 

.320 

374 

418 

0'-4" 

0'-3" 

00 

3 

2 

1 

1 

170 

225 

270 

2!)3 

338 

.37.5 

4.30 


O'-o" 

00 

3 

1 

2 

1 

184 

231 

277 

301 

347 

305 

111 

O'-D" 

0'-7" 

102 

3 


3 

1 

180 

237 

2S5 

300 

350 

400 

453 

10'-3" 

0'-!)" 

105 

3 


2 

2 

104 

243 

202 

310 

300 

410 

405 

10'-8" 

O'-l 1" 

108 

2 

1 

3 

1 

108 

240 

20! 1 

324 

.37.5 

427 

477 

lO'-l 1" 

7'-l" 

111 

2 

1 

2 

2 

203 

255 

300 

3.32 

.385 

137 

488 

J1 '-5" 

7'-3" 

114* 

2 

1 

1 

3 

207 

201 

313 

.340 

.3!)4 

448 

.500 

ir-7" 

7'-;r 

117 

2 

4 

1 

1 

210 

271 

320) 

354 

108 

4()5 

510 

ll'-lO" 

7'-7" 

120 

2 

3 

2 

1 

221 

277 

334 

302 

417 

470 

531 

12'-4" 

7'-0" 

123 

2 

2 

3 

1 

22i; 

284 

341 

.370 

427 

48() 

.543 

i2'-<;" 

7'-11" 

120 

2 

1 

4 

1 

231 

200 

348 

378 

130 

4!17 

55.5 

12'-8" 

S'-l" 

120 

2 

2 

1 

3 

235 

200 

351) 

385 

445 

1 .507 

.507 

12'-10" 

S'-l" 

132* 

2 


4 

2 

240 

302 

303 

3! 13 

4.55 

.517 

578 

i:r-5" 

8'-5" 

135 

3 

1 

4 

1 

240 

312 

375 

407 

470 

535 

507 

i;r-ii" 

8'-7" 

138 

3 


5 

1 

254 

318 

383 

41.5 

470 

.540 

000 

14'-1" 

8'-0" 

141 

3 


4 

2 

258 

324 

300 

423 

480 

550 

021 

1 4'-;r' 

8'-l 1" 

144 

3 


3 

3 

2()3 

330 

3!)7 

431 

4!)8 

.500 

03.3 

14'-10" 

O'-l" 

147 

2 

2 

2 

3 

20S 

330 

404 

4.30 

507 

570 

045 

If)'-4" 

0'-3" 

150* 

2 

2 

1 

4 

273 j 

342 

411 

447 

510 

.58() 

057 

l.V-O" 

0'-.5" 

153 

2 

4 

3 

1 

281; 

353 

424 

400 

.531 

004 

(»70 

1 o'-S" 

0'-7" 

150 

2 

5 


3 

28()! 

350 

431 i 

408 

.54 1 

Oil 

087 

l.V-10" 

O'-IO" 

150 

2 

4 

1 

3 

201 ' 

305 

438 

470 

.550 

02.5 

0!)0 

ur-5" 

o'-n"! 

102 

2 

3 

2 

3 

205 i 

371 

440 

184 

.5.50 

().30 

711 

]()'-7" 

lO'-l" 

105* 

2 

1 

5 

2 

300 ; 

377 

j 

I 453 i 

402 

508 

040 1 

! 

723 


*Tlieso .structures are preferred V)eeause they give greatest area for given number of plates 
and })olts per ring. Mach structure of less span than tln)se marked provides c.orrespondingly 
le.s.s area for the same number of plates and bolts. Galvanized, with bolts, and ba.sed on three 
rings at S feet and one at 0 feet. 











Fig. 68. Rise, span, radius and area of Mulfi-Plafe arches. 
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PART THREE 

DESIGN OF MULTI-PLATE ARCHES 


When therk is not suflicicnt headroom for a pipe, or wliere esthetic considera¬ 
tions are important, an aich or a j)ipe-arch may he used. 

Sizes of Arches 

An almost unlimited mimher of coml)inations of i\Iulti-IMate arch i^pan and rise 
are available as shown in Fi^-. OS and in the accom])anyin^- Table S- 1 ! The spans 
ranjit* liom 5 to IK) It in even feet. By varyinji; tlu* l ise, tlie desired waterway area 
can be ol)tained. lAdditional waterway can be provided by varying the abutment 
lieijiiht. Th(' nominal arc lenj 2 ;th is in increments of al)Out 9j 2 I>0I- Big. 09. 

Plate Gages 

The Aliilti-Plate aich is considered a two-hinged arch and is designed rationally 
by the theoiy of elastic analysis. In determining the loads on the ? ing, the vertical 
load from the fill and live load and the active horizontal components of those same 
loads are used. (For masoiu’y arches, the practice' is to use only the vertical loads.) 
The accoinjianying gage tables have been comj>ute<l on the above the'ory, with a 
factor of safety. 

Pi()j)er gages for arches under various highway loadings are shown in Tables 
9-13, 9-11 and 9-15 foi- H-20, 11-15 and 11-10 loadings respect!v(‘ly. 

For other than highway loadings, such as for ])edestrian walkways or bridges 
for light maintenance eeiuipnient, the jananissible gages can be lightened, provided 
care is tak(‘n in backfilling the arch to see that the original shaj)e is maintained. 
dVil)le 9-10 gives the recommended gages for “no live load’’ under various heights 
of covei'. 

Ib'lining old structures with INIulti-Plate arches is a si)ecial problem. Becommen- 
«lation for maximum span and gage .should be based on a study of local conditions. 

For arches under railroads, .see Tables 11-7 and 11-(S. 

Arches for sewei-s take the same gage as for equivalent highway loadings. 

Effect of Shape on Strength 

It might normally be assumed from the knowledge tliat flexible pipe is very 
strong due to side support developed by lateral deflection, that the strongest arch 
is a half circle because there is more aiea against which side sup])ort can act. 

A flat arch may be strongej- than a half circle under .some conditions. Although 
an arcli may develop some side suj)port when it deflects umka’ load, it also derives 
part of its strength from the abutments winch resist la tend movement. 

Naturally it is impossible to choose arbitrarily the ratio of ri.se over span (Ji/S) 
for every arch, but when this is pos.sible, the following iiiles apply: 

1 . In cases where the cover over the arch is shallow and when, in addition, 
heavy trucks will pass over the arch, keej) the shape as nearly a half-circle 
as conditions permit. 


{Text continued on page 9S] 



88 


STRENGTH DESIGN 


TABLE 8-13 WEIGHT OF MULTI-PLATE ARCHES 
IN POUNDS PER FOOT 


A rc Length 
of Arch 
in Pi 
Inches 


Number of Plates 
per Ring 


A pproximate Weight per Foot of Structure — 
in Lb 



10 S 
Gage Gage 


70 S7 
7S 08 
K8 101 

88. no 
02 no 

07 i 122 
102 ; 128 
107 i 131 


Gage i Gage 


120 ! 151 


188 205 230 
100 213 21(; 
203 221 255 
211 228 2(;i 
218 230 273 


153 101 
158 107 
103 203 
107 200 


230 250 288 
238 258 208 
215 200 307 
252 274 310 
250 282 325 


170 221 
181 227 
180 238 
104 244 


207 200 

275 208 


200 335 
208 314 
311 350 
310 300 
327 378 


204 250 
200 202 
213 208 


335 387 

343 300 


323 351 


218 274 331 350 415 
220 285 343 372 430 


231 201 

230 207 

241 303 

240 ! 300 
250 i 315 


350 380 I 430 

357 388 ! 448 

305 300 I 458 

372 404 I 407 

370 412 i 470 
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TABLE 8-13—(cont'd.) WEIGHT OF MULTI-PLATE ARCHES 
IN POUNDS PER FOOT 



Approximate Weight per Foot of Strurture — 
i n I J) 


1 

10 

Gage 

8 

Gage 

7 

Gage 

5 

Gage 

S 

Gaije 1 

■ 1 

1 

Gage 

25.3 j 

321 

380 

420 

485 

552 

018 

203 

331 

308 

433 

! 500 

570 

037 

268 

337 

407 

441 

510 

581 

040 

273 

343 

414 

440 

510 

.501 

001 

277 

340 

421 

457 

528 

001 

07 3 

282 

355 

1 428 

405 

537 

Oil 

085 

287 

302 1 

1 430 

473 

547 

022 

000 

2t)2 

3(>7 i 

1 443 

481 

550 

032 

70S 

301 

378 

i 150 

404 

572 

050 

727 

305 

384 

-403 

502 

.581 

001 

730 

310 

300 

470 

510 

1 500 

071 

751 

315 

1 300 

•177 

518 

500 

1 082 

702 


(lalvaiiizcd, with liolts, and based on tlirec rinns at S ft and one at (> ft. , 

♦These structures arc preferred because tliey ^ive urealest aiva for Kiven number of plates 
and bolts per rinjr. liach structure of le.ss span than tho.se marked provides correspondinKl.y 
less area for the same number of plates and bolts. 



Fig. 69. Multi-Plate arch being installed on concrete abutments. 
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STRENGTH DESIGN 


TABLE 8-14 REPRESENTATIVE SIZES OF MULTI-PLATE ARCHES 
With R/S Ratio from Approx. 0.3 to 0.5 


Span* 

in 

Fed 

Hue 

in 

Feet and In. 

Area 

in 

Sq Ft 

Nominal Arc 
in 

Pi Inches 

R/S 

Radius 

in 

Inches 

(>-0 


7A 

27 

0.30 

41 


2-m 

10 

30 

.38 

i7A 


3-2 

15 

36 

.53 

36 

7-0 

2-4 

12 

33 

.34 

45 


2-10 

15 

36 

.40 

43 


3-8 

20 

42 

.52 

42 

8-0 

2-11 

17 

39 

.37 

51 


3-4 

20 

42 

.42 

481^ 


4-2 

26 

48 

.52 

48 

9-0 

2-11 


42 

.32 

59 


3-101^ 

2(iA 

48 

.43 

55 


i-v,A 

33 

54 

.52 

54 

JO-0 

3-51^ 

25 

48 

.35 

61 


4-5 

34 

54 

.44 

601^ 


5-3 

41 

60 

.52 

60 

11-0 

3-6 

2714 

51 

.32 

73 


4-53i 

37 

57 

.41 

671 ^ 


5-9 

50 

66 

.52 

66 

12-0 

4-0}^ 

35 

57 

.34 

7714 


5-0 

45 

63 

.42 

73 


5-10 

55 

69 

.48 

72 


()-3 

59 

72 

.52 

72 

13-0 

4-1 

38 

60 

.32 

mH 


5-1 

49 

66 

.39 

m 2 


5-1 

59 

72 

.46 

783 2 


6-9 

70 

78 

.52 

78 

M-0 

4-714 

47 

66 

.33 

91 


5-7 

58 

72 

.40 

86 



70 

78 

.46 

843i^ 


7-3 

80 

84 

.52 

84 

15-0 

4^714 

50 

69 

.31 

101 


5-8 

62 

75 

.38 

93 


6-7 

75 

81 

.44 

91 


7-9 

92 

90 

.52 

90 


‘•‘Intermediate spans are available. 
For end areas, see Fig. 68, page 80. 
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TABLE 8-U—(Confd) REPRESENTATIVE SIZES OF MULTI-PLATE ARCHES 
With R/S Ratio from Approx. 0.3 to 0 5 


Span* 

in 

Feel 

Rise 

in 

Feet and In. 

A rea 
in 

Sq Ft 

Nominal .1/r 
in 

Pi Inches 

R/S 

Radius 

in 

1nches 

16-0 

5-2 

00 

75 

0.32 

105 


0-2 

73 

81 

.39 

99 


7-1 

80 

87 

.45 

97 


7-11 

99 

93 

.49 

90 


8-3 

105 

90 

.52 

90 

17-0 

.'5-21^ 

03 

78 

.31 

115 


0-3 

78 

84 

.37 

107 


7-2 

92 

90 

.12 

103 


8-0 

100 

90 

.47 

102 


8-10 

119 

102 

.52 

102 

18-0 

5-9 

75 

84 

.32 

119 


0-9 

90 

90 

.38 

112 


7-8 

104 

90 

.43 

10!l 


8-0 

119 

102 

.48 

108 


8-11 

126 

105 

.50 

108 

19-0 

0-1 

87 

90 

.33 

123 



102 

90 

.38 

118 


8-2 

118 

102 

.43 

115 


9-0 

133 

108 

.48 

1 14 


9-53^^ 

140 

111 

.50 

114 

20-0 

6-1 

91 

93 

.32 

133 


0-10 

100 

90 

.35 

128 


8-33lS 

124 

105 1 

.42 

122 


9-2 

140 

111 

.40 

121 


10-0 

157 

117 

.50 

120 

21-0 

0-11 

104 

99 

.33 

137 


7-11 

122 

105 

.38 

131 


8-10 

140 

111 

.42 

128 


9-8 

157 

117 

.40 

120 


10-0 

172 

123 

.50 

120 

22-0 

0-11 

109 

102 

.31 

140 


7-11H 

128 

108 

.30 

138 


8-11 

146 

IM 

.40 

135 


9-9 

103 

120 

.44 

133 


11-0 

190 

129 

.50 

132 

23-0 

0-11 

114 

105 

.30 

155 


8-0 

134 

111 

.35 

147 


*IiiterrnodiMto spaii.s are av'ailalile. 
J'or end areas, see Fig. 08, page 86. 
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STRENGTH DESIGN 


TABLE 8-14—(Cont’d) REPRESENTATIVE SIZES OF MULTI-PLATE ARCHES 
With R/S Ratio from Approx. 0.3 to 0.5 


Span* 

in 

Feet 

Rise 

in 

Feet and In. 

Area 

in 

Sq Ft 

23-0 

8 - 113 ^ 

153 

(Con’t) 

9-10 

171 


10-8 

189 


11-6 

208 

24-0 

7-6 

129 


8-6 

150 


9-51^ 

169 


10-4 

188 


11-23^ 

208 


12-0 

226 

25-0 

7-6 

133 



155 


10-0 

186 


\0-i0l4 

207 


U-HH 

227 


12-6 

247 

26-0 

8-1 

150 


9-1 

172 


10-0 

204 


11-5 

226 


12-3 

246 


13-0 

265 

27-0 

8-03i 

155 


9-1 14 

179 


10 - 1 3i 

201 


11-6 

234 


12-4 

256 


13-7 

288 

28-0 

8-7 

173 


9-8 

197 


10-8 

220 


12-0 

254 


12-10 

277 


13-8 

299 


14-1 

310 


Nominal Arc 
in 

Pi Inches 

R/S 

Radius 

in 

Inches 

117 

0.39 

142 

123 

.43 

! 140 

129 

.46 

138 

135 

.50 

138 

111 

.31 

160 

117 

.35 

152 

123 

.39 

148 

129 

.43 

146 

135 

.47 

144 

141 

.50 

144 

114 

.30 

170 

120 

.34 

KiO 

129 

.40 

153 

135 

.43 

152 

141 1 

.47 

150 

. 147 

.50 

150 

120 

.31 

174 

126 

.35 

166 

135 

.40 

159 

141 

.44 

157 

147 

.47 

156 

153 

.50 

156 

123 

.30 

184 

129 

.34 

174 

135 

.38 

168 

144 

.43 

164 

150 

.46 

163 

159 

.50 

162 

129 

.31 

188 

135 

.35 

179 

141 

.38 

174 

150 

.43 

170 

156 

.46 

169 

162 

.49 

168 

165 

.50 

168 


♦Intermediate spangi are available. 
For end areas, see Fig. 68, page 86. 
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TABLE 8-14—(Conf'd) REPRESENTATIVE SIZES OF MULTI-PLATE ARCHES 
With R/S Ratio from Approx. 0.3 to 0.5 


Span* 

in 

Feet 

Rise 

in 

Feet and In. 

Area 

in 

Sq Ft 

Nominal A rc 
in 

Pi IfU'hes 

R/S 

Radius 

in 

Inches 

29-0 

9-2 

191 

135 

0.32 

192 


10-3 

217 

141 

.35 

184 


11-2 

240 

147 

.39 

180 


12-1 

263 

153 

.42 

177 


12-11 

287 

159 

.45 

175 


13-9 

310 

165 

.48 

174 


14-7 

332 

171 

.50 

174 

30-0 

9-3 

197 

138 

.31 

202 


10-9 

236 

147 

.36 

189 


11-81^ 

260 

153 

.39 

185 


12-7 

284 

159 

.42 

183 


13-5 

308 

165 1 

.45 

181 


14-31^ 

332 

171 

.48 

180 


15-1 

354 

177 

.50 

180 


[('outinued from page 87] 

2. In cases, such as stream enclosures, where there will be no live load on the 
arch, and in all cases where the fill above the crown will be more than 3 ft, 
flatten the arch so that the rise divided by the span will be less than 0.45, 
but in no case make the arch so flat that the rise divided by the span is less 
than 0.20. 

Need for Adequate Foundations 

Every structure built must have some kind of foundation, no matter how sim¬ 
ple it may be. Corrugated metal pipe presents an example where little need be 
done ordinarily for foundation preparation except to see that the trench in which 
the pipe is laid is free from large stones and that the backfill is well tamped up to 
three-quarters of the height of the pipe. For very soft and unstable foundation 
conditions, a gravel sub-base or some form of timber grillage will probably be 
necessary. 

If, however, the lower half of the pipe is removed, so to speak, leaving only the 
top half which is an arch, the foundation problem l)ecomes more difficult. 

The load to be carried is the same, but instead of leaving the curved bottom 
for foundation, all of the load is concentrated fin two edges. In addition to the 
tendency of the edges to move downward, they also tend to spread sidewise, due, 
of course, to the vertical and horizontal components of the load. These tendencies 
must be resisted by equal and opposite vertical and horizontal reactions. 
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Effect of Shape on Reactions 

Considering first the vertical reaction, the problem is merely to determine the 
total load on the arch, regardless of the shape of the arch, and pr()j)ortion it be¬ 
tween the two edges. If the live load is on the crown or center line, each vertical 
reaction will f)e the same (one-half of the vertical load), but in many cases the 
maximum vertical reaction is produced when the position of tlie live load is other 
than at the center. 

The horizontal reaction is somewhat more difficult to determine because the re¬ 
action produced by a given load on tlie arch depends upon the shape of the arch 
and where the load is applied. P'or example, a load of 1000 lb on the crown of a 
half-circle arch (where rise divided by span, 7i*/>S = 0.5) will produce a horizontal 
reaction of 320 lb, while the same load on a flatter arch, R/S = 0.2, will produce 
940 11) of horizontal thrust; that is, with the load on the crown. If this same load 
on the flat arch is applied at the quarter ])oint, half wa\' between the crown and 
the edge, the horizontal reaction is only 580 lb, whereas if applied at the exact edge, 
the horizontal reaction will be zero. 

Therefore, with the horizontal reaction (^hanging with the shape of the arch, 
and with the location and magnitude of the load, the eciuation expressing this re¬ 
lation is necessarily com])licated. The ordinary solution Fe(iuires a scale drawing 
of the arch and considerable calculating. However, the following tables and chai’ts 
and their explanation enable the designei* to obtain tlie reactions with a minimum 
of labor, after whicli the foundation can be designed. 

Dead Load Reactions 

In order to find the vca tical reaction due f,o dead load (Td) for any fill height, 
it is necessary first to find it for zero fill, or when the earth is le\’el with the ci'own 
of the arch, and then add the reaction for any additional cover. (See Fig. 70.) 

P"or exam])le, if the vertical reaction due to dead load is wanted foi' 2 ft of cover 
on an arch of l5-ft span, enter the graph (Fig. 70) at the base at 15, trace verti(‘ally 
to Curve No. 1, then left to the zero cover reaction scale. After this reaction is 
established, follow the same procedure for I ft of cover, using ('urve No. 2 and 
multiply that value liy 2, then adfl it to the icaction fiom the zero cover. 

Because the sliape or R/S of the arch determines the amount of eai th below the 
zero cover contributing to the reactions, the half circle arch wlien R/S = 0.!y was 
used in developing ('urve No. 1. P'or any otlier value of R/S the vertical reaction 
will be less than shown on this curve, therefore, the correction factor as shown in 
Curve No. lA should be used. 

(Hirve No. 2. foi* 1 ft of cover, is independent of the shajie of the arch and needs 
no collection factor. 

The hoi izontal reaction (//d) is found the same way exce])t tliat lioth values, //q 
for zero cover and //, for 1 ft of cover must be corrected for values of R/S, other 
than 0.5. (See P'ig. 71.) 

These dead-load gra])hs are based on a filling material weighing 100 lb ])er cu ft. 
For any other weight of material, multi|)ly the reactions by that weight and di¬ 
vide by 100. A shorter method, for example, for 120-11) material, is to multiply 
the reaction by 1.2. 

Live Load Reactions 

The reactions due to live load are determined in a similar manner from P5gs. 
73-76 for higlnra!/ and railroad loadings respectively. These curves show the live 
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EXAMPLK 

Span = 1 5 Ft; Rise=Ft; 7?/.S= 0.3 
Height of Cover = 2 Ft; Find Ho 
//„„ = 290XI.4S= 429 1b 

//„, = 320 XI.SOX 2.0 = 1190 
Total //„ 1C19 lb 


Zero Cover ' f'- Cover 

O 7 ^ 

t t t I 

V V V V 

^DO ^OO ^Dl ^Dl 


Fig. 70. Curves for determining vertical reactions for dead load on an arch. 







Horizontal Reaction and 
in Pounds per Lineal Foot of Arch 
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STRENGTH DESIGN 



<1 I , M .1 „ ■ .1 . ,1 ■ ■■ ,a.--. .1 -j— .a-—.,- . 1 .,. ■■■ I 

1.0 1.4 1.8 2.2 2.6 3.0 


Correction Factor 



Fig. 71. Curves for determining horizontal reactions for dead load on an arch. 
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load decreasing with an increasing fill height due to the enlarging area over which 
the live load is distributed. 

Ihis dissipation of live load by means of distribution through the fill is sonie- 
tiines limited in one direction by the length of the arch. Fig. 74, Curve No. 7, 
gives the maximum value of cover to be considered for all short length arches. For 
example, assume an arch with a span of 10 ft and a length of 20 ft, under a cover 
of 7 ft. Entering Curve No. 7 in Fig. 74, we find that for an arch 20 ft in length, 
the controlling depth of cover for distribution of live load is only 3 ft (rather than 
7 ft). So in entering curve No. 3 in Fig. 73, with this governing height of cover 
(IIC) and for a 10-ft span a v’ertical reaction due to live load (V’^l) of a|)proximately 
1.5S0 lb is obtained (instead of only 1,2(X) lb as would have been the case if the 7-ft 
depth of cover had controlled). 

The highway live load is based on two 20-ton trucks j)assing side by side with 
80 per cent of tlie load on the rear axles. The wheels are s})aced (> ft apart and 
the ti'ucks 3 ft apart, all according to the AASMO specification. For a live 
load other tlian H 20, vary the live load reactions proportionately. 

Railroad live load is based on Cooper 1'] 50 loarling and for other live loads, vary 
the live load reactions pi'oportionately. 

Combining Reactions 

Tlio vertical and horizontal reactions for live load (TLand //i.) are finally added 
to those for dead load (I'd and //i)),to ol)tain tlie total maximum vertical and hoi’i- 
zontal reactions. 

[Continua] on imge 102] 



Fig. 72. Relining and extending twin arch with Armco Multi-Plate. 
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EXAMPLE 

Spuii-15 Ft; Rise = 4?i Ft; /^AS=0,3 
Height of Cover = 5 Ft; Find \\ 

When the arch is only 20 Ft long, 

Vi, for 3 Ft Cover = 1700 X1.04S (correction factor) = 1782 Ib 
Live load based on two 20- ton trucks passing with 80% of 
weight on rear axles; AASHO Specifications, II 20. loading. 


H-20 



Fig. 73. Verf/eof reactions for highway live load on an arch. 
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Note: Never use a height of cover (HC) * 











greater than that shown on this curve 

corresponding to the length of the arch. 

1 1 1 1 1 1 1 1 1 1 1 1 1 

5 6 8 7 9 10 11 12 

0 



4 


V 


i 




Cover—in Feet 


EXAMPLE 

Span = 15 Ft; Rke = 4l4 Et; R/S-0,3 
Heij 2 :ht of Cover = 5 Ft; Find IIl 
When tlie areli is 60 Ft lorijy;, 

IIh for 5 Ft Cover = 770X1.86 (correction factor) = 1432 lb 



For explanation of Curve No. 7, see page 97. 


Fig. 74. Horizontal reactions for highway live load on an arch. 
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STRENGTH DESIGN 



(A) Live load equiva¬ 
lent to Cooper E 50, or 
10,000 lb per foot of 
track. Impact based on 
equation 


7 



Curves based on live load 


plus impact. 


10,000 Lb/Ft EXAMPLE—SINGLE TRACK 



(C) In designing the foundation for an arch under double track, the center fifth of 
length should be designed for twice the load of the remainder of the foundation.* 

*If locomotives pass on arch, shaded area in sketch above will receiv’o load from both tracks. 



Fig. 75. VTtical reactions for railway live load on an arch. 









Horizontal Reaction — H^-hl in Lb per Lineal Ft of Arch 


design of corrugated metal structures 


101 



Correction Factor 


10,000 Lb/Ft 



H,+I H,+I 


EXAMPLE-SINGLE TRACK 

Span = 15 Ft; Rise = 4}^ Ft; /2/*S = 0.3 
Height of Cover = 5 Ft 
//t4-7 = 4,000 times correction 
factor, 1.86 = 7,440 lb 


Fig. 76. Horizontal reactions for railway live load on an arch. 
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TABLE 8-15 


liOCMlion or 
Xmiik^ of Project. 


CALCUUTION SHEET TO DETERMINE REACTIONS OF 
MULTI-PLATE ARCHES 

Date_ 

__ Caleu. by_ 


Pise iU) .... Span (S) _ - Plate's- 

Span 

ol ('ov(‘r (FIC) ___ Live I^oad (L) __ Ijength--— 

riK.^fl) -__ X (li/S raeior-lA) _ --- 

r.,.=^f2) __ xiifC) —.=- 

Total \ 1 , =___if bae^kfill = 100 lb 

per eu ft 

If tioi, lim<‘s weijtht p(‘r eu ft 100 I n- 

Vu* (.T) X f/«’A^' Fa.etor-:iA)_= __ 

For 11-20 loading. For otluT loading take pro[)ortional 

jimoiiiil. Fi.- 

Total r=.._.__ 


//nn M) . _X (R/S Faetor-1 A) _=- 

//,„ ( 0 ) .. X (R/S Faetor-oA)_x (I/C) _=___ 

Total IIi> _ Tf backfill = 

» 100 lb p(‘r eu ft 

If not, times weijjht p<*r eu ft -r-lOO //n=_ 

//i/ -^ ((») .. X {R/S Faet.or-OA) ..- _ 

For 11-20 loading. For oth(*r live loael, take* proportional 

amount. II\. — - 

Total II = 


y= _ !+//=_ 

II 


I.ciintti of Mich must ho taken into <*onsi(tor:i1 ion (7) as Itm^jtli of arch affects the 
react ions due lo li\ <’ load. 


\('(infinurd from jHiqr .'h'1 

Tins iirocedure may seem eomplicated l)ut by using the sam})le data slieet, 
T.able' .S-lf), and filling in ('{leh space from tlie curve's indicated, the problem is solved 
by simjile multiplication and addition. 

Selecting Type of Foundation 

For arches eif lo-ft span or less, tlie foundatie)n may consist of a slab type of 
concrete or a timlier l)a.se. These and larger arches may also be supported ein in- 
elependent footings, abutments or |>iers. The economy depends on local soil or 
(‘hannel eamditions. 

If the over-all de])tli eif the abutment as determined liy re(piirements for water¬ 
way area, deidh for scour and depth for frost is small, a non-reinforced gravity type 
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of construction is economical. Forces acting on this alnitinent are (1) the hori¬ 
zontal and veitical reactions of the arch and (2) the vertical pressure* and the ac¬ 
tive pressure on the sloping backs of the abutment from the column of earth aliove 
it. Generally, any active pressure of the earth in front of the abutment is consid¬ 
ered negligible. A width of footing can then be assumed, the weight of conciete 
cominited and the soil pressure diagram determined. Adjustments arc then nnide 
in the base dimensions of this abutment until the soil pressure diagram has satis¬ 
factory distribution. 

High Abutments 

When the abutment is relatively high, the .same i)rocedure can be h)llowed; Init 
quite often results in too large a mass of unreinforced concrete to be economical. 
Under this condition it becomes po.ssible to design tire abutment as a reinforci'd 
cantilever type of abutment. Further economy can be obtained by utilizing the 
passive pressure on the back of the abutment, provided the specifications require 
as good compaction as would be obtained in building a first-cla.ss highway embank¬ 
ment. 

If such adequate compaction of material against the metal ar(;li ring is assui’ed, 
the effect of the arch riiig distorting slightly and utilizing })assiv(? i)ressures can 
be taken into considei’ation. This serves to counteiact the horizcmtal thrust of 
the arch to such an e.vtent that it will result in further economy in tlu* abutment. 

Pier Design 

In the design of piers for multiple-.span metal arches, the horizontal reactions 
of the arch rings are usually considered as balaiu’cd. Soim'times there are slight 
differences in these horizontal components from heavy li\e loads (*ven wh(‘n ecpial 
arches are on either side of a pier, llowevei*. these diff(*i (‘nces are genei’ally momen¬ 
tary ap])licati()n and so slight that they are not considered as afflicting the pier. 
Hence the i)ier can be designed as a simj)lc pedestal to accommodate the vertical 
reactions from both rings. 

A distance of al)Out 2 ft should be maintained betweiai tlie base chann{‘ls of ihe 
arch rings on the pier so as to furnish adequate room for com))action of the spandrel 
fill. Appearance, too, is improved. 

By means of his S{)ecification, the designer should in all cases control the in¬ 
stallation of the arch so the resultant arch ring is of true shape. This may call for 
occasional biacing of the metal ring while the si)andrel (ill is compacti^d. Wlien 
this is done, metal plate arches can be designed as very economical structures to 
operate under the heaviest highway loads. 
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H 20-44 8,000 Lb 32,000 Lb 

H 15-44 6,000 Lb 24,000 Lb 

H 10-44 4,000 Lb 16,000 Lb 



* In tho (losimi of floors (concrote slabs, stool 
Hrid floors, and tiinlKT floors) for 11 liOtn-lI 20 S 10 
loading, ono axlo load of 24.000 pounds or two axle 
loads of 10,000 po\inds oaob, spared 4 foot apart may 
bo used, whioliovor produces tho proator stress, in¬ 
stead of tho 32,000 pound axlo shown. 

** I'or slab (losipn tho center line of wheel shall 
1 h‘ assuniod to bo 1 foot from faco of curb (See Art. 
3. 3. 2. (b).) 


lO'-O " Clearance & 



Fig. 77. Standard highway loadings. In the design of bridge floors for H 20 (or H 20—S 16) loading, 
one axle of 24,000 lb or two axle loads of 16,000 lb each, spaced 4 ft apart may be used, 
whichever produces the greater stress, instead of the 32,000 lb axle shown.—Reproduced from 
Standard Specifications for Highway Bridges, AASHO, 7 953. 





CHAPTER NINE 


Highway Loadings and Gages 


Highway Loadings 

In addition to the dead loa(i of an eml^ankmcnt, himinvay rul\'orts or drains may 
be subject to live loads and inijiact, botli during construction and while in normal 
service. Ciage tables are based oti specific heights of cover and legal live loads. 

Live loads vary greatly. During construction the concenti’ated wheel loads of 
heavy equipment may l)e greater than the service loads after a pavcinent is placed. 
Lroper installation practice avoids running such construction e(iuii)mcnt directly 
over a structure until it has l)een backhlled and tamj)ed to a point above the struc¬ 
ture. This minimum protective (rover may be more than that shown on Fig. 78. 

The legal load limit varies from IS.OOO lb to 22.-400 lb maximum axle on state 
highway road surfacres.* (One exc('i>tion is the N(nv Jersey Turni)ike, opened in 
1952, which is based on a 39,000 lb maximum axle loading. This highway carried 
a peak count of 104,000 vehicles |)er day on its 4 and 0-lane surfmres.) 

Inci*eases of trucks and tracrtor-trucks on highways in the United States have 
been jihenomenal. The iiiciease was from 4,51.3,340 in 1944 to 7,007,000 in 1949. 
Loaded truck coml)inations avei'aged 39,4.55 lb in 1948, an increase of 47 per cent 
o\’t;r the 1941 figuie. In 1947 the eastern states had an average of tw(*nty-nine 
axles in excess of 22,000 lb, per 1000 trucks and combinations, while the w(^st(*rn 
states’ average was only three |)er 1000. In 1948, there were fifty-five overload(?d 
trucks per 1000 vehicles, with six })eing 30 per cent overloaded and one 50 per 
cent al)ove the legal jixk'-load limit.* 

Where pri\’ate industiic's su(4i as mining companies operate only over their 
own priv^ate roads, th(\v may use giant draglimxs, shovels, scra.j)er e(juipment and 
.30-cu yd tiucks wliich place gicat total loads on road surfacc^s and structures. 
Ilowevei’, the unit wh(;el oi- axle loads are usually reduced by huge pneumatic* 
tires, or wide metal treads with a l.-irge mmilcer of contacts on the road. 

Highway dejjartments issue s|)ecial permits for occ^asional sui)er-loMds to (;ross 
or fjavel over their highways. On the otlier hand, during the spring l)reak-u|) 
periods, they may lestrict load limits for s(‘veral weeks to redu(*e the amount of 
l)ossil)le damage to road surfaces. 

Although the legal load limits on ro(id .stirfaccfi are establislied l)ctw(icn 18,000 
and 22.400 lb j)er axle, the design of bridges and culverts is bas(‘d on gross load¬ 
ings that vary with the cla.ss of road.f The loadings illustrated in Fig. 77 are 
designated “H” followed by a number indicating the gross weight in tons of the 
standard truck. These aie known as H-20, 11-15 and H-10 based on standard 
trucks or “lane loads” which are equivalent to truck trains. The “H-S” loadings, 
consisting of a tractor truck with a .semi-trailer, are not illustrated. The “H-S” 
loadings have no effect on the majoi'ity of (tulvert installations, because corrugated 
metal structures are usually of such diameter or siian that only one jixUi or pair of 

’•‘“The Truck WeiKlit Prol)lem in Highway Tran.sportation,” Highway llesearch Board 
Bulletin No. 26, Table 9, ,Jul.y 1950. 

t“Standard Specification.s for Highway Materials and Methods of Sampling and Testing,” 
A AS HO, 1950, p. 80. 
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STRENGTH DESIGN 


PIPE PIPE-ARCHES ARCHES 




NOTES—Minimum cushion of 3“ under slob and 9" under unpoved surface. Covers shown are for finished construction. 
During construction cover most be provided to protect the structure from domage. 


Fig. 78. Minimum height of cover for corrugated metal structures under H-15 or H-20 highway 
loadings, for rigid or flexible pavements and unpaved surfaces. 


TABLE 9-1 RECOMMENDED MINIMUM HEIGHT OF COVER* 
FOR CORRUGATED M^TAL STRUCTURES 
UNDER HIGHWAYS 





Hound or KUiptical Pipe 





Hose of 





Load 

»S urfacc 

A/ca.sa/r- 

V p to 

Orer 

Arches 

Pi pc-A rches 



inenl 

IW-in, 

JdO-in. 






Diani. 

I)ia m . 



11-10 

Ihipnvetl, 

Tof> of 

I)/10 or 

12 in. 

S/2.'>or j 

SM.")or 

or less 

and Ilexihh' 
paveineiils 

surface* 

(> in. inin. 

miniimim 

i () in. min. 

() in. min. 


rni)av(*d, 

Top of 

D o or 

1 21 in. 

S IT) or 

S/lOor 

11-20 

and flexible 
pavenienls 

surface 

! 

t) in. min. 

1 miniimim 

1 

! 0 in. min. 

i 

!) in. min. 

Kigid 

Top of 

D/7 or 

' IS in. min. 

S 20 

i SM4 



pavements 

slab 

1 (minimum of d-in. 

cushion undt' 

1 ' slab) 


H’overs .slunvn tiro for fini.shtMl ron.strm tion. Durin)? fon.struftion, utUMiiitUo cover imist 
bo provitlod to protect the structure from damsifto. 


axlos is ovtM- tho stnicturp. The eiilvert (losif^iier is interostetl only in the niaxinuim 
axle load ratlier than the total weight of the truck and its load. The {tolicy of 
the AASIIO st.ates that “No axle shall carry a load in excess of IS.OOO lit.” 
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TABLE 9-2 GAGES OF CORRUGATED METAL P/PE (L/NSTRl/TTED) 
FOR H-20 LIVE LOAD 


Diam. 

.1 rra 


f I eight of ( 

over 

\hove Top 

of ('nirerf 

-i/I Feet 



in 

Inches 

in 

Sq Ft 

1 10 

11^ 

15 

16 

20 

2; 

25 

26- 

30 

31 - 
35 

36- 

40 

41 - 
45 

46 

50 

51 - 
60 

61 

70 

71 

SO 

SI- 
100 

15 

1.2 

10 

10 

10 

10 

10 

10 

Hi 

10 

10 

14 

14 

12 

12 

IS 

1.8 

10 

10 

10 

10 

10 

10 

10 

14 

14 

14 

12 

12 

12 

21 

2.4 

10 

10 

10 

10 

10 

10 

14 

14 

14 

12 

12 

12 

10 

24 

3.1 

lot 

Hit 

14 

14 

14 

14 

14 

14 

12 

12 

12 

10 

10 

30 

4.0 

14 

14 

14 

14 

1 14 

12 

12 

12 

10 

10 

10 

S' 

8* 

30 

7.1 

lit 

14t 

12 

12 

12 

10 

10 

10 

8 

8 

S* 

S*: 

8* 

42 

0.0 

12 1 

1 12 i 

12 

12 

10 

10 

8 

8 

8 

8* 

1 8" 

8^ 

8^ 

4S 

12.0 

12 i 

1 12 i 

12 1 

10 

8 1 

8 





1 1 

1 


54 

15.0 

12 ! 

' 12 1 

10 1 

8 

8 









00 

10.f) 

10 1 

10 j 

' 8 

8 



For values not shown, 

Lise 


0() 

23.8 

10 ; 

10 1 

8 






Table 

' 9-3. 




72 

28.3 

10 ! 

8 I 

! 













i'Not ill ucconl with A AS IK). 

*Miiko ti trench one (lianieter fleop in original soil or in coinpjictcd fill. Pin* shown 

ai’e the inininiuni with aihMunUo iKickfill. For reconiin(»n<leil minimum h(‘i)L!;ht, of cover, 8oe 
Table 9-1. 


TABLE 9-3 GAGES OF CORRUGATED METAL PIPE (STRUTTED) 
FOR H-20 LIVE LOAD 


Dia/n. 

.1 red 


Height c 

f Forer Ahoi'c Top of (itlee/'t —in Feet 



in 

in 


j 








SI- 

Inches 

Fq Ft 

1-20 

21 25:26-30 

31-35 

36 40 

4F45 

46-50 51-60 61-70 

71 SO 

100 

48 

12.0 


12 1 10 

10 

10 

10 

10 

10 

10 

8 

8 

54 

15.9 

12 

10 10 

10 

10 

10 

10 

8 

8 

8 

8 

()0 

19.0 

10 

^ 10 ; 10 j 

10 

10 

10 

8 

8 

8 

8 


00 

23.8 

10 

1 10 ' 10 1 

10 

8 

8 

8 

8 

8 



72 

28.3 

10 

10 i 8 

8 

8 

8 

8 

8 




78 

33.2 

8 

: 8 j 









84 

38.5 

8 

1 










The tratjes shown are the niininiuni with inkMjuato backfill. 
I'or locoinnionded minimum height of (‘over, see Table 9-1. 


AASHO Highway Gage Tables 

The Amerietin Association of State Highway Officials adopted (originally in 
1032) a table of sages for riveted cf>rrugaterl metal pi))e in diameters from S to 
St-in. witliout express limitation as to fill height. (I)esignation: M3f)-I7). This 
table is in agreement in most resj)ects with that of corrugated jtifXi manufacturers. 
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In 1952 this Association revised its specification (originally adopted in 1941) on 
corrugated structural plate pipe and arches.* Pipe-arches were included in the 
1952 specification. This specification is based on extensive research described in 
Chapter 5.t 

Individual state highway departments for the most part follow the AASHO 
specification, which agrees with the manufacturers’ standard recommendations. 

County and other highway departments usually follow the practice of the states 
in which they are located. 

The U. S. Bureau of Public Roads and the AASHO are in agreement on speci¬ 
fications for federal aid primary, secondary and rural roads. In addition, the 
Bureau of Public Roads has a forests and parks staiuiard specification (FP-41) 
quite similar to the AASHO specification (except that 72 and 84-in. diameters 
are not included). 


Examples of Highway Gage Selection 


Example No. 1 Kind of highway: 

Size of opening: 
Type of structure: 
Depth of cover: 
Live Load: 

Table to use: 

Gage selected: 


state oi' federal-aid i)i iniary 

00 -in. diameter 

riveted coirugated metal pipe 

a ft 

11-20 

Table No. 9-2, page 107 

No. 10—pipe need not be strutted 


TABLE 9-4 GAGES OF CORRUGATED METAL PIPE-ARCHES 
FOR H-20 LIVE LOAD 


Diarn. of Pipe 
of 

Eqiial Periph. 
in Inrh('i< 

S pan 
in 

Jnrhes 

Rise 

in 

Inches 


I/eiphf of Carer— 

■in Feel 


1 

2-f, 


W~16 

76' 

15 

18 

11 

10 

10 

10 

10 

10 

18 

22 

13 

10 

10 

10 

1 () 

10 

21 

25 

10 

10 

10 

10 

10 

10 

24 

29 

18 

14 

14 

14 

14 

14 

30 

30 

22 

14 

14 

14 

14 

14 

30 

43 

27 

12 

12 

12 

12 

12 

42 

50 

31 

12 

12 

12 

12 

10 

48 

58 

30 

10 

12 

12 

10 

10 

54 

(15 

40 

10 

12 

12 

10 

8 

00 

72 

44 

8 

10 

10 

8 

— 


The KHKcs shown are tho recointiuMidod rnininnini. 

I'or reconiinended mitnmum luMKht. of cover, see Table V)-l. 


♦‘‘StnndHrd Specificiitions for High wav Bridges,” AASHO, Sec. 2.23, 3.10, 3.11 and 4.10, 
1953. 

+“Loa<l Deflection Tests on Corrugated Metal Sections,” Micliigaii Engineering Experi¬ 
ment Station Bulletin 109, 1951, pp. (32. 




HIGHWAY LOADINGS AND GAGES 

Example No. 2 Kind of highway: state or local 
Size of opening: 72-in. diam. 

Tyi)e of structure: coi*r. metal pipe 

De[)th of cover: 40 ft 

Live Load: (not important under this fill) 

Table to use: Table No. 

Gage selected: No. 8—pipe should l)e strutted 

Example No. S Kind of highway: state or local 
Size of opening 

and structure: G5 in. x 40 in. pi})e-arch 

Depth of cover: 3 ft 

Live Load: H-15 

Table to use: Table No. 0-4 

Gage selected: No. 12 (no strutting) 


TABLE 9-5 GAGES OF MULTI-PLATE PIPE (UNSTRUTTED) 
FOR H-20 LIVE LOAD 



The shown are the ininiinuin .structural requirements for use with adequate backfill. 

For additional footnotes on Multi-Plate pipe, see following tables. 
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Example No. 


Kind of highwaj": 
Size of opening: 
Type of structure: 
Depth of cover: 
Live Load: 

Table to use: 

Gage selected: 


state or local 
10 -ft diam. 
Multi-Plate pipe 
4 ft 
H-20 

Tables, No. 9-5, 9-6 
8 gage if unstrutted 
10 gage if strutted 


TABLE 9-6 GAGES OF MULTI-PLATE PIPE (STRUTTED) 
FOR H-20 LIVE LOAD 


Diameter 






11 eight of Cover—in Feet 





Height of 
Cover 

in 

















Idniit 

















Inrhes 

1-5 

6- 

11- 

16- 

21 

26- 

31- 

36- 

41- 

J^6- 

51 ~ 

56- 

61- 

71- 

81- 

01- 

1 Gage- 


10 

15 

20 

25 

SO 

35 

40 

45 

50 

55 

60 

70 

80 

00 

100 

6 Bolls 

00 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8 

7 

5 

5 

200 

00 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8 

8 

7 

5 

3 

180 

72 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8 

8 

7 

5 

3 

1 

165 

78 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8 

8 

8 

5 

3 

1 

— 

150 

84 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8 

8 

7 

5 

3 

1 


140 

90 

12 

12 

12 

12 

12 

12 

10 

10 

8 

8 

7 

5 

3 

1 



130 

90 

12 

12 

12 

12 

12 

10 

10 

10 

8 

7 

7 

5 

3 

1 



125 

102 

12 

12 

12 

12 

10 

10 

10 

8 

8 

7 

5 

5 

1 




115 

108 

12 

12 

12 

10 

10 

10 

10 

8 

7 

5 

5 

3 

I i 

i 



no 

Ibl 

10 

12 


10 

10 

10 

8 

8 

7 

5 

5 

3 

1 ; 




105 

120 

10 

12 

10 

10 

10 

10 

8 

7 

5 

5 

3 

1 

_ 


i 

; 

100 

120 

10 

12 

10 

10 

10 

10 

8 

7 

5 

3 

3 

1 





95 

152 

10 

10 

10 

10 

10 

8 

8 

7 

5 

3 

1 

1 





90 

158 

10 

10 

10 

10 

10 

8 

7 

5 

3 

3 

1 

— 





85 

144 

10 

10 

10 

10 

8 

8 

7 

5 

3 

1 

1 





i 

80 













For structuri’s in 

this i 


150 

10 

10 

10 

8 

8 

8 

"T 

5 

3 

1 

— 

zone us( 

1 gage with 

80 

150 

10 

10 

10 

8 

8 

8 

5 

5 

1 

1 


si.\ 

l)olts ptu 

foot of 

75 

102 

10 

10 

10 

8 

8 

i 

5 

3 

1 

_ 


longiUidiiiJil seam 

70 

108 

10 

10 

10 

8 

8 

7 

5 

5 

1 



with height of cover 

70 

174 

8 

10 

8 

8 

8 

7 

5 

3 

1 



limits ; 

LS .shown 

in 

()5 

180 

8 

10 

8 

8 

8 

5 

3 

1 




column 

it right. 


65 

1 


The Klines shown iiro the niiniinuni stnictuml ro(inircnionts for use with adequate backfill. 
Bottom ])lates are frequently desiRiied of heavier page to re.sist wear. 

Gai?e.s are for finished construction; during construction adequate cover must he provided 
to protect the structure from damage. 

Kor minimum height of cover, sec table “Uecommended Minimum Height of Cover,” 
Table 0-1. 

The last column sliows the greatest height of cover that can he placed on pipes speciall\' 
fabricated to have si.\ bolts i)er foot in each longitudinal seam in 1 gage metal. 

Pipe diameters are to inside tTe.stii and are .subject to manufacturing tolerances. 
l'’or lighter ll-loadings, the manufacturer recommends the use of the above table. 






TABLE 9-7 GAGES OF MULTI-PLATE PIPE (UNSTRUTTED) TABLE 9-8 GAGES OF MULTI-PLATE PIPE (STRUTTED) 

FOR NO LIVE LOAD FOR NO LIVE LOAD 


highway loadings and gages 


oocoQO XGOacxoox 


o 

I C^INNOO ocooo xxxxxx 

J4h ^ 


C<J(M(N<NO OOOOO OOOOXX 


(M(N(N(N(M <NM(NC1<N (N<NOOO OOOOOO 


(NiMiMMiN C^(M(N(NO OCOOO OOOOOOO 


(M o O O O X 00 X X X I - I- If: *0 lO »o X X X X 


(N (M O O O O O X X X X I'- I- lO O lO »0 X X 


(NtN(NC'4 0 OOOOO XXXXX l-l-l-iCiO' 


<N(N(N(N(M C-IC^OOO OOOOX XXXXI-I- 


CNC^jCMC^c^i Nwooo oooxx xxxi'-i^r- 


ooc^X'-r ooc^ix-r ooc^x-t ooC'iX'^o 

o '3 I- r- X o o O O — M !N X X -r lO »o CO o r- X 


The gages shown are the niiiiinmni structural requirements for use with adequate backfill. See also footnote.s under Table 9-6. 
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Example No, 6 Kind of highway: 

Size of opening: 
Tj^pe of structure: 
Depth of cover: 
Live Load: 

Table to use: 

Gage selected: 


state or federal-aid 
12 -ft diain. 

Multi-Plate pipe 
60 ft 

(not important) 

Xo. 9-6 

No. 1 strutted— with 6 bolts per ft 
of longitudinal seam 


TABLE 9-9 GAGES OF MULTI-PLATE PIPE-ARCHES 
FOR H-20 LIVE LOAD 


IJei(jht of Cover-~in Feel 


pun 

1 

2 

3 

4 

5 

6 

7 



10 

11 

12 

13 

a 

13 


_ 

12 

12 

12 

12 

12 

12 

12 

. 

12 

12 

12 

12 

12 

12 

12 

12 

5'-6" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

fV-O*' 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 


12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 


10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

T'-O" 

10 

10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

8'-0" 

10 

10 

10 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 


10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8 

b'-O" 

10 

10 

10 

10 

10 

10 

10' 

10 

10 

10 

10 

10 

10 

8 

8 


8 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8 

8 

8 

lO'-O" 

8 

8 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8 

8 

8 

i 

10'-(P 

8 

8 

8 

10 

10 

10 

i 10 

i 10 

' 10 

10 

10 

8 

8 

8 

< 

ir-cr 

8 

8 

8 

10 

10 

10 

! 10 

! 10 

I 10 

8 

8 

8 

7 

1 

7) 

11'-(p 

7 

8 

8 

8 

1 

10 

1 

; 

8 ; 

8 

8 

8 

7 

7 

5 

12'-0*' 

7 

8 

8 

8 

8 

8 

i 

i 8 

i 

; 8 

i 

! 8 

8 

8 

i 7 

7) 

7) 

3 

i2'-rp 

7 

7 

8 

8 

8 

8 

1 8 

: 8 

■ 8 

! 8 

7 

7 

7) 

7) 

3 

i:v-(r 

f) 

7 

8 

8 

8 

8 

8 

■ 8 

' 8 

i 7 

i 7 

a 


3 

1 


r> 

f) 

7 

8 

8 

8 

8 

; 8 

I 8 

i 7 

a 

i 7) 

: 7) 

3 

1 

ip-(r 

5 

T) 

j 7 

7 

8 

8 

8 

1 

1 7 

5 

5 

i ^ 

3 

1 

1 

1 

3 

7) 

I 5 

7 

7 

7 

7 

; 

i 7 

5 

a 

3 


1 

1 


3 

r> 

! ^ 

7 

7 

7 

7 

7 

i 5 

3 

3 

1 1 

1 

— 

— 

i5'-b" 

3 

3 

i i) 

a 

1 7 

7 

7 

7 

^ 5 

3 

3 

! 1 

1 1 

— 

— 

1 (>'-{)" 

1 

3 

1 6 

a 

1 

7 

! ~ 

5 

i 3 

1 ^ 

1 

^ 1 

1 — 

— 

— 

Ib'-b" 

1 

3 

I 3 

5 

1 

5 

5 

i a 
i 

; 3 

: 3 

1 1 

1 


i 


— 


Tbo nanos slumn are tlio minimum strm*lunil rtHiuirenuMits for use witfi a(lc<}ua1c f:)ackllll. 
Botlom pliiles are frequently tlt?sipned of heavier pajre to resist wear. 

GaK(‘s are for finished eonstruetion; during construction adequate cover must be provided 
to protect the structure from damage. 

Plates are standard 0" x 2" corrugation of 1 Vh' valley radius with four bolts i>er foot in each 
longittidinal seam. Bolts are diameter, liigh strength to meet ASTM: A325-o2T and gai 
vanized to meet ASTM: A153-49. 

Pipe-Arches are available in a range of spans, rises and aroa.s; tabular values are for gage 
determination. 

For recommended minimuvi height of cover, see Table 9-1. 













HIGHWAY LOADINGS AND GAGES 


113 


Example No. 6 Kind of highway: 

local 

Size of opening: 

14-ft span 

Type of strueturc 

Multi-Plate pipe-arch 
14 ft 1 in. X 8 ft 9 in. 

Deptli of cover: 

2 ft 

Live Load: 

11-15 

Table to use: 

No. 8-11 and 9-11 

Gage selected: 

No. 7 


TABLE 9-10 GAGES OF MULTI-PLATE PIPE-ARCHES 
FOR H-15 LIVE LOAD 


S pan 






Height of Coner—in 

Feet 






1 

2 

S 

4 

.7 

6 

7 

8 

9 

10 

11 


13 

14 

15 

5'-0" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

,2 

12 

12 

o'-fi" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

O'-O" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

G'-O" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

7'-0" 

10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

7M»" 

10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

H'-O" 

10 

10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

8'-(i" 

10 

10 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

10 

10 

8 

\r-ir 

10 

10 

10 

12 

12 

12 

12 

10 

10 

10 

■0 

10 

10 

8 

8 

U'-G" 

10 

10 

10 

10 

10 

12 

10 

10 

10 

10 

10 

10 

8 

8 

8 

lO'-O" 

8 

10 

10 

1 ■ 

10 1 

10 

10 

10 

10 

10 I 

10 1 

10 I 

I 8 

8 

7 

lO'-G" 

8 

8 

10 

! 10 

10 

10 

10 

10 

10 

10 1 

10 i 

8 

8 

8 

7 

1 1 -0" 

8 

8 

10 

10 

10 

10 

1 10 

! 10 ' 

10 i 

10 

8 1 

8 

8 j 

i " 

5 

11 

8 

8 

8 

10 1 

10 

10 

i 10 

10 - 

10 

1 8 

8 

8 

7 

i ~ 

5 

12'-0" 

8 

8 

8 

10 1 

10 1 

i 10 

1 19 

10 : 

8 

8 

8 

8 

7 

5 

' 5 

12'-G" 

7 i 

! 8 

8 

8 i 

10 1 

i 

1 

8 

8 

8 

8 

7 

5 

5 

I 3 

i:r-(r 

7 


8 

8 i 

8 { 

! 8 

8 

8 

8 

8 

8 

7 

5 

5 

I 3 

i;r-G" 

7 

7 

8 

8 i 

8 

8 

8 

8 

8 

8 

7 

5 

5 

3 

! 3 

1 I'-O" 

5 

7 

8 

8 

8 

8 

8 

^ i 

8 

7 

7 

5 

3 

3 

I 1 

1 

1 r-G" 

5 

5 

7 

8 

8 

8 

8 

1 8 

8 1 

7 

5 

1 •) 

1 8 

3 

1 

lo'-O" 

5 

5 

7 

7 

8 

8 

8 1 

1 ^ i 

7 

7 

5 

i 5 

1 ^ 

1 

1 

ir)'-()" 

5 

5 

5 

7 

7 

8 

1 8 

7 1 

" i 

5 

5 

1 8 

1 ^ 

1 

1 

jG'-(r 

3 

5 

5 

7 i 

7 

! 7 

i 7 

7 i 

5 i 

5 

5 

i 5 

i 1 

1 

— 

IG'-C)" 

3 

3 

5 

5 

7 

! 7 

7 

7 i 

! 

5 ; 

5 

3 i 

i 

1 

1 




Tlu* jiaues .sliown are the niiniiiiuin .struetural re<iuireiiiciit« for use with adeiiiuvte hackhll. 
For additional footnotes, see Table 9-9. 
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TABLE 9-11 GAGES OF MULTI-PLATE PIPE^ARCHES 
FOR H-IO LIVE LOAD 


Ileujht of Corcr—in Feet 


i^pan 

1 


3 

4 

5 

6 

7 

8 

9 

W 

11 

IB 

13 

14 

lo 


12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

S'-O" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

f)'-(r 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 


12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 


12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 


12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

S'-O" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

'10 

10 

10 

8'-(r 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

10 

10 

10 

<)'-()" 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

10 

10 

10 

10 

9'-()" 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

10 

10 

10 

10 

8 

lO'-O" 

10 

12 

12 

12 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8 

8 

lOdP 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8 

8 

8 

8 

11 '-0" 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8 


8 

8 

7 

ir-()" 

10 

10 

10 I 

10 

10 

10 

10 

10 

10 

8 

8 

8 

8 

8 ' 

7 

l2'-0" 

10 

10 

10 

10 

10 

10 

10 

10 

8 

8 

8 

8 

8 

7 

7 


8 

10 

10 

10 

10 

10 

10 

8 

8 

8 

8 

8 

7 

7 

5 

i;r4)" 1 

8 

10 

10 

10 

10 

10 

8 


8 

8 

8 

8 

7 

7 

5 

13'-()" 

8 

8 

10 

10 

10 

8 

8 

8 

8 

8 

8 

7 

7 

5 

5 


7 

8 

8 

10 

8 

8 

8 

8 

8 

8 

7 

7 

5 


3 

14 dr 

7 

7 

8 

8 

8 

8 

8 

8 

8 

8 

7 

7 

5 

5 

3 

ifidr 

7 

7 

8 

8 

8 

8 

8 

8 

8 

7 

7 

7 

5 

3 

3 

i5dr 

T) 

7 

7 

8 

8 

8 

8 

8 

7 

7 

7 

5 

3 

3 

3 

Kid)'^ 

T) 

7 

7 

8 

8 

8 

8 

7 

7 

7 

5 

5 

3 

3 

1 

Hid)" 

5 

5 

7 

7 

8 

8 

8 

7 . 

7 

7 

5 

3 

3 

1 

— 


The KMffos .shown sire tlie rsiinirnuin struetural rc<niircsuent.s for u.so with adequate backfill. 

Hot tom phites are fre<iueiitly desiRiied of hesivier nago to resi.st wesir. 

(luRes sire for finished construction; during construction adequate cover nm.st tie provided 
to protect the structure fromdainano. 

I'or minimum heiKht of cover, sec table “l^ecominended Minimum Height of Cover.” 
Table 9-1. 

Plates sire standard (’/' x 2" corrugsition of 1 ' s" valley nidius with four bolts per foot in 
each longitudinal seam. Bolts are diameter, high strength to meet ASTM: A325-52T 
and galvanized to meet ASTM: A15.S-49, 

I’ipe-Arches are available in a range of spans, rises and areas; tabular values are for gage 
determination. 
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TABLE 9-12 GAGES OF MULTI-PLATE PIPE-ARCHES 
FOR NO LIVE LOAD 


tupan 



3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

5'-0" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

5'-(V' 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

G'-O" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

G'-G'' 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

22 

12 

12 

12 

12 

7'-0" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

7'-G" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

8'-0" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

10 

8'-G" 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

10 

10 

10 

9'-0" 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

10 

10 

10 

10 

9'-6" 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

10 

10 

10 

10 

8 

lO'-O" 

10 

12 

12 

12 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8 

8 

lO'-G" 

10 

12 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8 

8 

8 

8 

11 '-0" 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

1 8 

8 

8 

8 

8 

11'-G" 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8 

8 

8 

8 

8 

8 

12'-0" 

10 

10 

10 

10 

10 

10 

10 

10 

8 

8 

8 

« 

8 

8 

8 

12'-G'' 

10 

10 

10 

1 10 

10 

10 

10 

8 

8 

8 

8 

8 

8 

8 

7 

13'-0" 

10 

10 

10 

10 

10 

10 

8 

8 

8 

8 

8 

8 

8 

■7 

i 

7 

j:V-g" 

10 

10 

10 

10 

10 

8 

8- 

8 

‘8 

8 

8 

8 

7 1 

7 

7 

14'-0" 

10 

10 

10 

10 

8 

8 

8 

8 

8 

8 

7 

7 

7 

7 

5 

M'-6" 

10 

10 

10 

8 

8 

8 

8 

8 

8 

8 

7 

7 

7 

5 

5 

15'-0" 

8 

10 

10 

8 

8 

8 

8 

8 

8 

7 

7 

7 

5 

5 

5 

ir/-G" 

8 

10 

8 

8 

8 

8 

8 

' 8 

7 

7 

7 

5 

5 

5 

5 

IG'-O" 

8 

8 

8 

8 

8 

8 

8 

7 

7 

7 

5 

5 

5 

5 

5 

IG'-G" 

8 

8 

8 

8 

8 

8 

8 

7 

7 

7 

5 

5 


5 

3 


The KJigew shown are the itiiniimun structural requiroinents for use with adequate backfill. 

Bottom plates are freijuently designed of lieavier gage to resist wear. 

Cfages are for finished construction; during construction adequate cover must bo provided 
to protect the structure from damage. 

t'or recommended minimum height of cover, see Table 9-1. 

Plates are standard (>" x 2" corrugation of I ' s" valley radius with finir bolts per foot in 
each longitudinal seam. Bolts are diameter, high strength to meet A.’t2r)-/i2T 

and galvanized to meet ASTM: A15.‘{-4t). 

Pipe-Arches arc available in a range of spans, rises and areas; tabular values are for gage 
determination. 
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TABLE 9-15 GAGES OF MULTI-PLATE ARCHES TABLE 9-16 GAGES OF MULTI-PLATE ARCHES 

FOR H-10 LIVE LOAD FOR NO LIVE LOAD 
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The gages shown are the niininuiin structural requirements for u-se 
with adequate backfill. 

For additional footnotes, see page 110. 








CHAPTER TEN 


Sewer Loadings and Gages 

Sewer and Street Culvert Loadings; Gage Tables 

Sewers, culverts and ether conduits under streets are subject to about the same 
surface loads (live loads) as highway culverts. However, because of more favor¬ 
able installation conditions such as trenching and drier foundation soils (in many 
cases), the gages for municipal installation may usually be made lighter with equal 
safety. 

Htream enclosures or sewers across open lands may or may not be subject to 
repeatecl live loads. Sewei’s across residential property are iK)t likely to be subject 
to surface loads as are those across industrial or commercial pi‘()})erty. Fig. 70. 

For aerial sewers on bents or hung from brackets, the gage will be a minimum. 
See Table 15-1, page 145, on safe spans for pipe running full under beam loading. 
For sewer work, see Tal)les 10-1 to lO-O. 

These gage tables are acceptable to sewer designers, consulting engineers and 
others and are in common use. 


TABLE 10-1 GAGES OF CORRUGATED METAL SEWER PIPE 
FOR H-IO LIVE LOAD—TRENCH CONDITION 


Diam. 

Area 

Height of Coikr Above Top of Pipe—in Feet 

in 

in 

1 


1 







Inches 

S(j Ft 


3.0-6.9 

7,0-W\ 

1 

II-IS 

16 20 

21-25 

26-30 

31 35 


8 

0.35 

16 

16 

16 

16 

16 

16 

16 

16 

16 

10 

0.55 

16 

16 

16 

16 

16 

16 

16 

16 

16 

12 

0.70 

16 

16 

16 

16 

16 

16 

16 

16 

16 

15 

1.23 

16 

16 

16 

16 

16 

16 

16 

16 

16 

18 

1.77 

16 

16 

16 

16 

16 

16 

16 

16 

16 

21 

2,41 

16 

16 

16 

16 

16 

16 

16 

16 

14 

24 

3.14 

16 

16 

16 

16 

14 

14 

14 

14 

14 

30 

4.01 

16 

16 1 

16 

14 

14 

14 

14 

12 

12 

36 

7.07 

16 

16 

14 

14 

14 

12 

12 

10 

10 

42 

0.62 

14 

14 

14 

12 

12 

12 

10 

10 

8 

48 

12.6 

14 

14 

14 

12 

12 

12 

10 

10 

8 

54 

15.0 

12 

14 

14 

12 

12 

10 

10 

10 

8 

60 

10.6 

12 

14 

12 

10 

10 

10 

10 

8 

8 

66 

23.8 

12 

12 

12 

! 10 

10 

8 

8 

8 

8 

72 

28.3 

10 

12 

10 

10 

8 

8 

8 

8 


78 

33.2 

10 

12 

10 

8 

8 

8 

8 



84 

38.5 

10 

10 

8 

8 

8 

8 

8 




I'or reroinnu'iidod ininimtiTH hoight ol cover, .see Table U-1. 

Ibiless installed under favorable conditions, pipe in givpes slunvn below heavy black should 
1 h' strutted ac<*ording to the manufacturers’ recommendations. 

For installations larger than 84-in, diameter, write for recommendations of manufacturer. 
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TABLE 10-2 GAGES OF CORRUGATED METAL SEWER PIPE 
FOR H-20 LIVE LOAD—TRENCH CONDITION 


Diani. 

in 

Inches 

A rea 
in 

S(j Ft 


Height of Cover Above Top of Pipe 

—in Feet 


1.0-S.0 

3.0-6.9 

7.0-10 

11-15 

16-20 

:21-25 

26-SO 

31 35 

36 M) 

8 

0.35 

16 

16 

16 

16 

16 

16 

16 

16 

16 

10 

0.55 

16 

16 

16 

16 

16 

16 

16 

16 

16 

12 

0.79 

16 

16 

16 

16 

16 

16 

16 

16 

16 

15 

1.23 

16 

16 

16 

16 

16 

16 

16 

16 

16 

18 

1.77 

16 

16 

16 

16 

16 

16 

16 

16 

16 

21 

2.41 

16 

16 

16 

16 

16 

16 

10 

16 

14 

24 

3.14 

16 

16 

16 

16 

14 

14 

14 

11 

14 

30 

4.91 

14 

14 

14 

14 

14 

14 

11 

12 

12 

36 

7.07 

14 

14 

14 

14 

14 

12 

12 

10 

10 

42 

9.62 

12 

14 

14 

12 

12 

12 

10 

10 

8 

48 

12.6 

12 

14 

12 

12 

12 

12 

10 

10 

8 

54 

15.9 

12 

14 

12 

1 12 : 

12 

10 

10 

10 

8 

60 

19.6 

12 

12 

12 

1 j 

1 10 j 

10 

10 

10 

8 

8 

66 

23.8 

10 

12 

10 

10 

10 

8 

8 

8 

8 

72 

28.3 

10 

12 

10 

10 

8 

8 

8 

8 


78 

33.2 

8 

10 

8 

s 

8 

8 

8 



HA 

38.5 

^ 1 

10 

8 

8 

8 

8 

8 




For recoinriKMidod tninhnum liciuhl of cover, see Tal)le 9-1. 

Unless installed under favorable <‘onditions, pi|H‘ in capos shown l)olow lieav.N* l)lack should 
1)0 stru(t(Ml accordinp to the manufacturers’ recoinnieiidations. 

J''()r installations largt^r than S4-in. diameter, write for recommemlations of manufacturer, 


TABLE 10-3 GAGES OF CORRUGATED METAL SEWER 
PIPE-ARCH FOR H-10 LIVE LOAD*—TRENCH CONDITION 


Fize 

A rea 
in 

Sg Ft 

Height of ( 
Pipe- 

'over At 
,1 . 

'tore Top of 
in. Feet 

Span 
in J riches 

1 Hise 

1 in 1 nr hes\ 


1.0-1.9 

±0 4^0 

5.0-9.9 

10 15 

16-20 

18 

11 

1.1 

16 

16 

16 

1 

16 

16 

22 

13 

1.6 

16 

16 i 

16 

j 16 

16 

25 

16 

2.2 

16 

16 

16 

1 16 

16 

29 

18 

2.8 

16 

16 

16 

i 14 

14 

36 

22 

4.4 

10 

16 

14 

14 

14 

43 

27 

6.4 

14 

14 

14 

12 

12 

50 

31 

8.7 

14 

14 

14 

1 

10 

58 

36 

11.4 

12 

14 

12 

10 

10 

65 

40 

14.3 

12 

12 

12 

10 

8 

72 

44 

17.6 

i 

10 

12 

10 

! 

8 



♦For H 20 live load, .see Table 9-4. 

For recommended mmirnum height of cover, see Table 9-1. 
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STRENGTH DESIGN 


TABLE 10-4 GAGES OF MULTI-PUTE SfWfP PIPE 
FOR H-10 LIVE LOAD—TRENCH CONDITION 



TABLE 10-5 GAGES OF MULTI-PLATE SEWER PIPE 
FOR H-20 LIVE LOAD—TRENCH CONDITION 
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TABLE 10-5—(cont’d) GAGES OF MULTI-PLATE SEWER PIPE 
FOR H-20 LIVE LOAD—TRENCH CONDITION 


Diam. 

in 

Inches 

Aren 

in 

Sq Ft 


Height of Carer A}}ore 

Top of / 

pc -in 

Feci 


1-5 

6 10 

11-15 

16-20 

21 25 

25 SO 

81 S5 

85-40 

120 

78.5 

8 

10 

8 

8 

7 

5 

5 

5 

120 

80.0 

8 

10 

8 

7 

7 

5 

5 

3 

132 

05.0 

8 

10 

8 

7 

5 

5 

5 

3 

138 

104 

8 

10 

8 

7 

5 

5 

3 

3 

144 

113 

8 

8 

8 

7 

5 

5 

3 

3 

150 

123 

7 

8 

7 

5 

5 

3 

3 

1 

150 

133 

7 

8 

7 

5 

5 

3 

3 

1 

102 

143 

7 

8 

7 

5 

3 

3 

1 

1 

108 

154 

5 

8 

5 

5 1 

3 

1 

1 

— 

174 

105 

5 

7 

5 

3 

3 

1 

1 


180 ^ 

177 

5 

7 

5 

3 

3 

1 

— 



Gukos iiifiy often tie lighter tlimi (liose sltowii in lahle if field sln MinK nietliods are iiseil to 
inerense th(^ loud supporting atiilily of Uie stru<*lure. 

J'or recommended mininmni lieijilit of cover, .see Table b-I. 

The uaires shown are the ininimuin structural requirements for use with adequate backfill. 
Gases are for finished construction; durins construction, udeijuate cover must be provided 
to protect the structure from damasc. 

Bottom plates are frequently designed of lieavier gage to resist wear. 
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STRENGTH DESIGN 


TABLE 10-6 GAGES OF MULTI-PLATE SEWER PIPE^ARCHES 
FOR H-10 LIVE LOAD 



TABLE 10-7 GAGES OF MULTI-PLATE SEWER PIPE-ARCHES 
FOR H-20 LIVE LOAD 


Peri- 


Si 


A rea 
in 

■Sq Pi 

phery 

in 

Pi In. 


lleiyht of ( 

orci 

.4 hove. 

/ op of Pi pi 

-A reh — 

in bed 


Span 

Rise 

1 

2 

3 

4 

5 

6 

7 

8 

.9 

10 

11 

12 

IS 

14 

15 


4'-7" 

22 

GG 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 


5'-r 

28 

75 

10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8'-2" 

5'-9" 

38 

87 

10 

10 

10 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

9'-G" 

G'-5" 

49 

99 

8 

10 

10 

10 

10| 

10 

10 

10 

10 

10 

10 

10 

8 

8 

8 

II'-S*' 

7'-:v' 

04 

114 

7 

8 

8 

8 

10 

10 

10 

10 

8 

8 

8 

8 

7 

7 

5 

i 2 '-ur 

S'-4" 

85 

132 

5 

7 

8 

8 

8| 

8 

8 

8 

S 

7 

7 

5 

5 

3 

1 



109 

150 

3 

5 

5 

7 

7 

7 

7 

7 

5 

3 

3 

1 

1 

— 

— 

i(;'-7" 

KV-l" 

131 

1G5 

1 

3 

3 

5 

5 

5 

5 

3 

3 

1 

1 

— 

— 

— 

— 


*liif<)rimiti()n on other sizoy uvjiiluble on request to inunufaetnrcr. 

For reeomnionded winimum height of cover, see Table 9-1. 

The gages shown are the nuiiiinuin struetural requirements for use with adequate backfill. 
l>tiring construction, adeqv’.ate cover must be provided to protect the structure from damage. 
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TABLE 10-8 GAGES OF MULTI-PUTE SEWER ARCHES 
FOR H-10 LIVE LOAD 


Representa- 


neight of Cover Above Croivn of Arch—in Feel 


ttvt. ^:>pun.ii 

in Feet 

1 

2 

S 

4 

5 

6 

7 

8 

9 

10 

4-10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

11 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

13 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

14 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8 

15 

12 

12 

12 

12 

12 

12 

12 

10 

8 

8 

10 

10 

10 

12 

12 

12 

12 

10 

10 

8 

7 

17 

10 1 

10 

10 

12 

12 

12 

10 

8 

8 


18 

10 

10 

10 

12 

10 

10 

10 

8 

7 

1 

10 

8 

8 

; 10 

10 

10 

10 

8 

7 

5 


20 

8 

8 

i 

10 

i 

10 

10 

1 

10 

8 

7 

r> 

1 

i 


TABLE 10-9 GAGES OF MULTI-PLATE SEWER ARCHES 
FOR H-20 LIVE LOAD 


Re prefer uia- 


Height of ('over Above, ('roirn of Arch—in Feet 


tire i^pans 
in Feet 

1 

2 

s 

4 

5 

6 

7 

8 

9 

' ' 

to 

4-10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

11 

10 

10 

10 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

12 

12 

12 

12 

12 

10 

10 

13 

8 

8 

10 

12 

12 

12 

12 

10 

10 

8 

14 

7 

8 

8 

10 

10 

10 

10 

8 

8 

8 

15 

5 

7 

8 

10 

10 

10 i 

10 

8 

8 

7 

If) 

5 

5 

7 

8 

8 

10 

8 

7 

7 

5 

17 

3 

5 

1 

7 

8 

8 

8 

7 

5 

3 

18 

3 

3 

5 

7 

7 

8 

7 

5 

3 

3 

19 

U 

u 

3 

5 

5 

7 

5 

3 

3 

1 

20 


n 

U 

3 


5 

5 

1 ^ ' 

1 



Arches are av{iilal)le in a range of sizes. Sec Tal)le 8-14. Values iiere 
are for gage deterniiruition. 

For re<*oiuniended minimum heigiit of cover, see Tal>le 9-1. 

Arnico “lOconomy-Type” footings may he u.sed on sp.'ins uj) to If) ft. 

The gages shown are the minimum structural re<!uirements for use 
witli ade(iuate backfill. During construction, ade<fuate cover must 
be provided to protect the structure from damage. 

JUso only when K/S is 0..‘J or more. 







CHAPTER ELEVEN 


Railway Loadings and Gage Tables 


IJndkh fill heij!;bts of 12 ft or less, live loads and im])a(‘t arc of importance. Fi^. 
S2. Beyond 13 ft they have little or no effect, althou}»h vibration may l)c a factor. 
When a conduit is not undei’ track, the re()uirements arc less. The minimum 
recommended height of cover for corrugated metal structures under track is 
shown in Fig. 80. 

(V)nccntrated loads of heavy construction equipment are an im])ortant consid¬ 
eration, especially if they are heavier than the design loading. Tather the gage 
should be heavier or sufiicicnt fill should be made with light ecpiipment before 
running the heavy construction equipment over the structure. 

TIailway live loarlings on bridges consist of standai-d “Cooper loadings.’^ These 
are Cooper E 72, illustrated in Ing. SI, [wige 12fi and Coo|)er E 50, ])age 100. They 
are l)ased on two locomotives followed l>y a uniform load re])rescnting the weiglit 
of the heaviest car. For a (V)oper 1'. 50 loading, the weight on the axle of etich 
driver is 50,000 lb. For a Coo])er E 72 loading, the weight is 72,000 lb, and so on. 
W'heel spacangs are the same for all Cooper loadings. 

Mor(‘ than one axle load may be ovei* a cori’Ugated metal structuic, and this is 
taken into account in establishing the gages. 

The American Railway Idigineering Association lias adojited and uses standard 
specifications and gage tables for riveted corrugated metal ])ipe (first in 1030, 
ri'approved in 1953; iiage 1-4-0 of ARLiA 1953 Manual); and for structural plate 
pipe culverts (fiist in 1943, reapproved in 1953; page 1-4-25). 


PIPE 


PIPE-ARCHES 


ARCHES 


Main Secondary Main Secondary 

Track Track Track Track 


UP TO OVER UP TO OVER 
120”D 120"D 120' D 120' D 



Main Secondary 

Track Track 



S 


Fig. 80. Minimum height of cover for corrugated metal structures under Cooper E 50 to E 70 railroad 
loadings, for main and secondary tracks. 
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TABLE 11-1 GAGES OF CORRUGATED METAL PIPE {UNSTRUTTED AND 
STRUTTED) t FOR COOPER E 70 LIVE LOAD 


Diam. 

in 

I n rhea 

Area 

in 

Sq Ft 



Height of Cove.i 

• Above 

' .'4 ~m 

Top of Culvert 

—in Feet 


1-10 

11 -20 

\si-30'. 


r,l -60 

61-70 

71-SO ! 

1 

SI-90 j 

91 100 

18 

1.8 ' 

14 

14 

14 

14 1 

i 

14 ' 

12 

12 

12 

12 

21 

2.4 

14 

14 

14 i 

i 14 1 

14 

1 12 : 

12 

12 

10 

1 10 

2^ 

3.1 ! 

14 

14 

14 ! 

1 14 ! 

5 12 i 

12 

12 

10 

10 1 

10 

30 

^.0 

14 

M 

12 1 

: 12 

i 10 i 

10 

10 i 

S* ; 

8* 

8* 

30 

7.1 

12 

12 

12 i 

10 1 

! 8 ! 

8 : 

8* 1 

! 8" i 

8* 

S* 

42 

0.0 

12 

12 

10 

1 ^ : 

; 8 

i j 

, i 




U2 

0.0 






8 1 

H* 

8* 

i S* 

i 8* 

t48 

12.0 

10 

10 

8 

1 8 

8 

8 

H* 

8* 

8* 

i 8* 

154 

10.0 

8 

8 

8 

8 

8* 

8* 

8* 

8* 



JOO 

10.0 

8 

8 

8 

8 

8* 






too 

23.8 

8 

8 

8* 







1 

172 

28.3 

8 

8* 


' 

■ i 







*M{iko a treDch one diameter deep in ori^sin.il soil or in eonipa* ted fill, 

'The ifUKO.s shown are the minimum stnietural rc(piireme«its lor use with ade(iuate haeklill. 
I'Or recommended minimum height of cover, see l''ig. 80. 
tX'alues below line are based on strutting of pipe. 


TABLE 11-2 GAGES OF CORRUGATED METAL PIPE-ARCHES 
FOR COOPER E 70 LIVE LOAD 


Ilciffht of ('over—la FcH 


Diam. of Fipe 

Span* 

Rise* 

2 

,3-4 

/)-7 

St 

of Kqual Feriph. 

in 

in 




L 

in / ac/i('.'< 

I n rhcfi 

1 nr lies 

Rerommrndrd Minimurn. 




. 

(rage 


1.5 

18 

... 

11 

14 

11 

14 

M 

18 

22 

13 

11 

14 

11 

11 

21 

25 

10 

12 

14 

14 

14 

24 

20 

18 

12 

12 

14 

14 

30 

30 

22 

10 

12 

12 

12 

30 

43 

27 i 

1 8 

10 

10 

12 

42 

50 

31 


8 

10 

10 

48 

58 

30 



8 

I 8 

,54 

05 

40 




1 8 

00 

72 

44 




: 8 


♦Manufacturing tolerance =plus or minus one (1) inch. 
The gages sl>own are the recoininende^J minimum. 
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STRENGTH DESIGN 


S S S S S 

o o o o o 

<M CM ex fM 
CO iM. rM. CM 


<0 <« «o 


5 . 7,200 lb. per 
lin ft 


OQCO OQOO^o OQQO oo oo 


8 5 5 5' 9' 5 6 5 8 ' 8 5 5 5 9' 5' 6 ' 5'5' 


Fig. 81. Spacing of wheels and loads per axle for a standard Cooper E 72 locomotive loading. 
Axle loads are decreased for lighter loads in direct proportion to the E loads. After AREA Manual, 


1953. 


TABLE 11 -3 GAGES OF MULTI-PLATE RIPE (UNSTRUHED) 
FOR COOPER E 70 LIVE LOAD 


1 

Din mein' 






Height of Cover 

—in Feel 






in 

1 nvhcH 

in 

e 10 

i 

11 

15 

16 

9M 

21- 
25 1 

26- 

30 

31 1 
35 ! 

1 

1 

36-\ 

40 1 

4i-\ 

/,0 

.50 

7/- 

06 

'16- 

60 

61- 

70 

71 

80 

81 

90 

91 

too 

()0 

10 

12 I 

12 

12 

1 

12 

10 

10 

10 

! 

10 

10 

8 

8 

8 

7 

5 

5 

()() 

8 

12 

12 

12 

10 

10 

10 

10 

8 

8 

8 

8 

8 

7 

5 


72 

8 

10 

10 

10 

10 

10 

10 

8 

8 

8 

8 

7 

7 

5 

3 

1 

78 

7 

10 

10 

10 

10 

10 

8 

8 

8 

8 

7 

7 

5 

3 

1 

— 

81 

7 

10 

10 

10 

10 

8 

8 

8 

8 

7 

7 

5 

5 

3 

1 


<10 

5 

10 

10 

10 

8 

8 

8 

7 

7 

7 

5 

5 

3 

1 



0() 

5 

8 

10 

8 

8 

8 

8 

7 

7 

5 

.5 

5 

3 

1 



102 

5 

8 

8 

8 

8 

8 

7 

7 

5 

5 

5 

5 

1 




108 

5 

8 

8 

S 

8 

7 

7 

5 

5 

5 

5 

3 

1 



114 

3 

8 

8 

8 

7 

7 

5 

5 

5 

3 

3 

3 

1 



120 

3 

7 

8 

7 

7 

5 

5 

1 5 

3 

3 

3 

1 




120 

3 

7 

7 

7 

7 

5 

5 

i 3 

3 

3 

1 

1 





182 

1 

7 

7 

7 

5 

5 

5 

! 5 

3 

3 

1 

1 





138 

1 

5 

7 

5 

5 

5 

3 

1 5 

3 

1 

1 

— 

i 




Ml 

1 

5 

5 

5 

5 

5 

3 

^ 3 

1 

1 

- 






150 

_ 

5 

5 

5 

5 

3 

3 

1 

1 

1 







150 

— 

5 

5 

5 

3 

3 

3 

1 

1 

— 





: 

1(i2 

— 

5 

5 

7> 

3 

3 

1 

1 

j 1 

— 





, 

108 

— 

3 

5 

3 

3 

1 

1 

— 


— 






171 

— 

3 

3 

3 

3 

1 

1 

— 

:: 







180 


3 

3 

3 

1 

1 


— 

! __ 








Tho Halt's shown aro tlu> ininiriuim structural requircmonts for use with adequate haekfill. 
Hultoin plates are freqiUMitly designed of heavier pajre to resist wear. 

Gages are for fmi.slieil e(»nstru<*tu>n; during eonstruetion adequate cover must be provided 
to protect the structure frotn damage. 

For recommended minimum height of cover, see Fig. SO. 

J’ipe diameters are to inside crests and are subject lo manufacturing tolerances. 
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Although the AREA tables permit the ehoiee of various gages for various diam¬ 
eters of riveted and structural pipe, most of the railroads in the United States and 
Ciinada adhere to the manufacturers’ tables of recommen.ietl gages under x arious 
heights of cover. 

Railroads prefer slightly heavier gages than do liigliway and airi)ort engineers. 
|)artly from the standpoint of added durability but mostly l)ecause of added ;is- 
surance against structural failure, co.stly interruption to scu-vice. and possible law¬ 
suits. 

Examples of gage selection are not given here but are made the same way as 
those shown on pages 108-113. 


TABLE 11-4 GAGES OF MULTI-PLATE PIPE (STRUTTED) 
FOR COOPER E 70 LIVE LOAD 


Diameter 





H(dght of Cover ~ 

-in / 







Ileiijhf of 
('’over Limit 

m 

Inches 

















/- 

5 

0 

10 

11 

15 

16- 

20 

s;, , 

■26- 

.0 

St- 

35 

36 

40 

41 

45 

.',6- 

.0 

51- 

55 

56- 

60 

61 - 
7<y 

71 - 
30 

SI 1.9/- 
90 \100 

1 (fat/c ~ 

6 holts 

m 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8 

7 

5 

5 

200 

()() 

12 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8 

8 

7 

5 

3 

180 

72 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

8 

8 

7 

5 

3 

1 

1(15 

78 

10 

12 

12 

12 

12 

12 

12 

10 

10 

8 

S 

8 

5 

3 

1 

— 

150 

81 

10 

12 

12 

12 

12 

12 

12 

10 

10 

8 

8 

7 

5 

3 

1 

— 

1 10 

90 

10 

12 

12 

12 

1 

12 1 12 

10 

10 

8 

8 

7 

5 

3 

1 

— 


130 

90 

8 

12 

12 

12 

12 

10 

10 

10 

8 

7 

7 

5 

3 

1 

....... 


125 

102 

8 

10 

12 

12 

10 

10 

10 

8 

8 

7 

T) 

*> 

1 

— 



115 

JOS 

8 

10 

10 

10 

10 

10 

10 

8 

7 

5 

5 

3 

1 




no 

114 

8 

10 

10 

ji.) 

10 

10 

8 

8 

7 

5 

5 

3 

1 




105 

120 

8 

10 

10 

10 

10 

10 

8 

7 

5 

5 

3 

1 

— 




100 

120 

8 

10 

10 

1 10 

10 

10 

8 

7 

5 

3 

3 

1 





95 

132 1 

8 

10 

10 

! 10 

10 

8 

1 ^ 

7 

5 

3 

1 

1 





90 

138 

8 

8 

lOi 

1 10 

10 

8 


5 

3 

3 

1 

— 





85 

144 

7 

8 

10 

10 

8 

8 

7 

5 

3 

1 

1 

For si ru(rt unrs in 

80 













this zone 

US( 

1 


150 

7 

8 

10 

8 

8 

8 

7 

5 

3 

1 


gage 

wit 

i six 

80 

150 

7 

8 

‘ 8 

8 

8 

8 

5 

3 

1 

1 


holts per foot of 

75 

102 

7 

8 

8 

8 

8 

7 

5 

3 

1 

— 


lo 

n g i t u d i n n 1 

70 

108 

7 

8 

8 

8 

8 

7 

5 

3 

1 



se.Min \vil h luMght 

70 

174 

7 

8 

8 

8 

8 

7 

5 

3 

1 



of 

(rov(‘r 

limits 

05 

180 

7 

8 

8 

8 

8 

5 

3 

1 

— 



ns 

shown in (rol- 

05 













urnn at right. 




The Kiipos shown are the iniriiinum striietiiral recuiirements for use with iidequate hackfill. 
Hott{)in plates arc frequently designed of heavier gage to resist wear. 

(iages are for finished construction; during construction aflcfiuate (rover must he providc'd 
to j)rotect the structure from damage. 

lOr recommended viinitnum heiglit of cover, see Fig. 80. 

The last column shows the greatest height of cover that can he phured on pip(?s specially 
tabricated to have six bolts per foot in each longitudinal seam in 1 gage metal. 

Pipe diameters are to inside crests and are .subject to manufacturing tolerances. 
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TABLE 11 -5 GAGES OF MULTI-PLATE PIPE^ARCHBS 
FOR COOPER E 70 LIVE LOAD 


Height of Coiner—in Feet 



2-3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

5'-0" 

8 

10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

n'-o" 

8 

10 

10 

10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

(i'-O" 

8 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 


7 

8 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 


5 

8 

8 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

7'-()" 

5 

7 

8 

8 

8 

8 

8 

8 

10 

10 

10 

10 

10 

8'-0" 

8 

5 

7 

7 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8'-()" 

1 

,5 

5 

7 

7 

7 

8 

8 

8 

8 

8 

8 

8 

D'-O" 

1 

3 

5 

5 

5 

7 

7 

7 

7 

7 

7 

7 

7 


1 

3 

3 1 

5 

5 

5 

5 

5 

7 

7 

7 

T 

7 

lO'-O" 


1 

1 

3 

3 

5 

5 

5i 

5 

5 

5 

5 

5 

lO'-li" 



1 

1 

3 

3 

3 

5 

5 

5 

5 

5 

5 

11 



— 

1 

1 

3 

3 

3 

3 

3 

3 

3 

3 

ir-0" 





1 

1 

1 

1 

3 

3 

3 

3 

3 

12'-()" 






— 

1 

' 

1 

1 

1 

3 

3 








— 

1 

1 

1 

1 

1 

1 

la'-o" 









— 

1 

1 

1 

1 







1 

1 


! 




1 


See fooltiotes on oppoaUe p(vje. 



Fig. 82. Under shallow cover the flexibility of corrugated metal structures is an advantage. 
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TABLE n-6 GAGES OF MULTI-PLATE PIPE-ARCHES 
FOR COOPER E 50 LIVE LOAD 


Height of Cover—in Feet 


opan 

2-3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

H 

15 

5'-0" 

10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 


10 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

6'-0" 

10 

10 

10 

12 

12 

12 

12 

12 

12 

12 

12 i 12 

12 

O'-G" 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

7'-0" 

8 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

7'4V 

8 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

8'-0" 

8 

8 

8 

10 

10 

10 

10 

10 

10 

10 

10 

10 , 10 


7 

8 

8 

8 

8 

10 

10 

10 

10 

10 

10 

10 

10 

O'-O" 

7 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

9'-G" 

5 

7 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

lO'-O" 

5 

7 

7 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 


3 

5 

7 

7 

8 

8 

8 

8 

8 

8 

8 

8 

8 

ir-0" 

3 

5 

5 

7 

7 

7 

7 

8 

8i 

! ^ 

8 

S 

8 

11 '-G" 

1 

3 

5 

5 

5 


7 

7 

7 

7 

7 

7 

7 

12'-0" 

1 

3 

3 

5 

5 

5 

5 

7 

7 

7 

7 

7 

7 

]2'-G" 

_ 

1 

3 

1 

3 

5 

5 

5 

5 

5 

5 

5 

7 

7 

l3'-0" 


1 

1 

3 

3 

5 

5 

5 


S 5 

S 

5 

5 

13'-G" 


— 

1 

I 

3 

3 

3 

5 


1 

1 5 

5 

5 




— 

1 

1 

3 

3 

3' 

3| 

1 3 

1 •'i 

5 

5 

14'-G" 




— 

1 

1 

3 

3 

3 

! 3 

1 ' 

3 

3 

15'-()" 





1 

1 

1 

1 

3 

3 

I 

3 

3 

].5'-G" 





— 

1 

1 

1 

1 

1 


3 

3 

1 ti'-O" 






— 

— 

1 

1 

1 

1 

1 1 

1 

IG'-G" 










1 

1 

i 1 

! 

1 


Tlio sliowii are the iiiiiiiniuiu .struetural re(iuircnient.s for use 

with juJcH^iiute backfill. 

Bottom plates are fretiuently designed of heavier gage to resist wear. 

Gages are for finished e.on.struetion; during construction adeciuatc 
cover must be provided to protect the structure from damage. 

For recommended niinivinvi height of cover, see I'ig. 80. 

Plates are .standard i'i" x "1" corrugation 1 ' s" valley radius with 
four l)olts per foot in each longitudinal seam. Bolts are diameter, 
high strength to meet ASTM: A325-52T and galvanized to meet 
ASTM: A 15.3-40. 

J^ipe-arches are available in a range of si>an.s, rises and areas; 
tabular values are for gage determination. 
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TABLE 11-7 GAGES OF MULTI-PLATE ARCHES 
FOR COOPER E 70 LOADING 


Span 



Height of Cover 

—in Feet 



2 

3 

4 

5 

6 

7 

8 

9 

10 

G'-O" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

7'-0" 

12 

12 

12 

12 

12 

12 

12 

12 

12 


10 

10 

10 

10 

10 

12 

12 

12 

12 

9'-0" 

8 

8 

8 

8 

10 

10 

10 

10 

10 

lO'-O" 

5 

5 

5 

7 

8 * 

8 

8 

8 

8 

ir-0" 

1 

3 

3 

5 

5 

5 

7 

7 

7 

12'-0" 

— 

— 

1 

3 

3 

3 

5 

5 

5 

i;3'-o" 

1 P-O" 





1 

1 

3 

1 

3 

3 

1 


TABLE 11-8 GAGES OF MULTI-PLATE ARCHES 
FOR COOPER E 50 LOADING 


HcKjht of Cover—in Feet 


r) pan 

2 

3 

4 

6 

e 

7 

8 

9 

10 

()'.0" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

7'-0" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

8'-0" 

12 

12 

12 

12 

12 

12 

12 

12 

12 

9'-0" 

10 

10 

10 

12 

12 

12 

12 

12 

12 

lO'-O" 

8 

8 

10 

10 

10 

10 

10 

10 

10 

11 '-0" 

7 

8 

8 

8 

8 

10 

10 

10 

10 

12'-0" 

5 

5 

7 

7 

8 

8 

8 

8 

8 

13'-0" 

1 

3 

5 

5 

7 

7 

7 

7 

8 

1 I'-O" 

! 1 

1 

3 

3 

5 

5 

5 

5 

7 

Ifi'-O" 


— 

1 

1 

3 

3 

3 

3 

5 

IG'-O" 



— 


1 

j. 

3 

3 

3 

17'-0" 




1 

— 

1 

1 

1 

1 

18'-0" 






— 

— 

— 

1 


Tlu‘ shown arc the iniiiiniuin atructural rcquircineiits tor use 

with luicquatc backfill. 

CJaj?c.s arc for finished con.‘«tru(*tion; during construction adequate 
cover must be provided to protect the structure from damage. 

For recommended minimum height of cover, see Fig. 80. 

Plates are stamlard x 2*' corrugation of IN" valley radius with 
four bolts per foot in each longitudinal seam. Bolts are diameter, 
high strength to meet ASTM: A.S25-52T and galvanized to meet 
ASTM: A153-40. 

Hange of rise to span is from 0.2 to 0.5. 

Arches are available in a range of sizes; tabular values are for gage 
determination. 




TABLE 11 -9 GAGES OF MULTI-PLATE ARCHES 

FOR INSTALLATION INSIDE EXISTING ARCH-TYPE STRUCTURES FOR COOPER E 70 LOADING—R/S = 0.3 to 0.5 


railway LOADINGS AND GAGE TABLES 


sS 

§. 

in Feet 

O t'^ X C5 O 

CV| W lb 

CO X 05 o 

M X *<11 lb 
'N bt M (N N 


1 

... ■ 

o 

O 1 

00 t>- lO lb »o 

ec ^ ^ ^ 



QT) 

CQ 1 

X X t>- 

lb cb CO X X 




^ 1 

O O X X X 

t— lb lb lb lb 

X X X ^ ^ 






O 

00 lb lb 

lb X X 




OQ 

X X X t-- t>- 

l- lb lb X X 

X i-l r-1 




O O O X X 

X 1- 1- lb lb 

lb lb X X r-H 



1 


-t* 

O 

X 1'- ibi lb 

lb X X X ^ 



©j! 

aq 

O X X t '- 

1-. lb lb lb X 

X X ^ ^ 




O O O X X 

00 1- t- l- lb 

lb lb lb X X 

rH ^ ^ 





O 

X X 1- lb 

lb lb X X X 

^ ^ ^ 



cq 

O O X X 1- 

1^ lb lb lb 

X X X --H ’-s 




O O O O X 

X X 1- 1- 1- 

lb lb lb X X 

:0 — < i-H 1—1 




Oo 


X X t^ t'' 

lb lb lb X X 

CO —1 -1 -H 




O O X X X 

lb lb 

lb X X X 

-H 



o o o o o 

X X X 1- 1- 

i- lb lb lb X 

X X ^ 









X X 1- 1- 

lb lb lb X 

X X —' -H 


aq 

O O X X X 

I- l.- lb 

lb lb X X X 

CO -H f-H —1 



. 2 2 2 2 2 

X X X 1- 1- 

1— lb lb lb 

X X X X ^ 



_ 



X X X t-^ 1-^ 

!>. lb lb lb lb 

X X X X 

rH 1 -H 

oq 

o O X X X 

00 1- 1- 1- lb 

lb lb >b X X 

X X -H -H 


1 

0 0 0 2 2 

X X X X I- 

1- lb lb lb 

lb X X X X 



. _ . - J 

05 

O 

XXXI- t- 

1- f-. lb lb 

lb X X X X 

^ ^ ^ ^ 

aq 

o O X X X 

X 1- 1- 1- 1- 

lb »b ‘b lb X 

X X X 



2 2 2 2 2 

X X X X 1- 

1^ lb lb 

lb lb X X X 


i “ " 


O 

X X t- t- 1- 

I', lb lb lb X 

X X X -H 


aq 

O O XXX 

r- i- 1- 1- lb 

lb lb XXX 

CO rH ^ ^ 



2 2 2 2 2 

XXXI- 1- 

r-- lb lb lb 

lb X X X ^ 



— 


O 

X X X r- 1- 

lb lb lb X X 

CO ^ ^ 


cq 

O O XXX 

t- 1- I- lb lb 

lb X X X ’-H 

rH r^ 



c o o o o 

X X X 1- 1- 

lb lb »b X 

X X '-H ^ ^ 

Height of 
Cover—in Feet 

Class of 

I nstallation* 

o X a> o 

s; 

e 

i-N (N X «b 

o 00 o o 

rH bt X lb 

N N CM CU M 


(A) Condition of existing structure FAIR (B) Condition of existing structure POUH (C) Condition of existing structure FAIR 
with space between existing structure and metal with space between existing .structure and metal with space between existing structure and m^al 

structure to be completely filled with soundly structure to l>e completely filled with soundly structure to be completely filled with bANIJ 

placed pressure grout of 1-3 mix or richer. placed pressure grout of 1-3 mix or richer. or pressure grout of 1-4 mix or leaner. 





















Fig. 83. Installation of corrugated metal pipe under a Missouri River levee calls for watertight joints 
diaphragms, drainage gates and metal end sections. 









CHAPTER TWELVE 


Design for Levee Loadings 


Lkvek heights range up to 40 ft or more aliove tlie surrounding ground. Con¬ 
sequently, culverts placed in channels may be required to carry from 40 to 50 ft 
or more of cover. The Corps of Engineers, Department of the U. S. Army, speci¬ 
fies and uses riveted corrugated culverts from 36 to 72 in. in diameter. Hecause of 
the generally poor foundation conditions and because of the method of strutting 
i-e(iuired for the pipe, a special table of gages is used (see Table 12-1). Fig. S3. 

On projects under access highways and railways and where there art? no surface 
loads, U. S. haigineers usually specify the gages and materials used !)y local higli- 
way departments and railways. 


TABLE 12-1 GAGES OF STANDARD CORRUGATED METAL PIPE 
FOR USE UNDER LEVEES & DAMS* 


Dianieter 
of Pipe 

Gage 

No. 

Gi'osa-Sertional ' 
Area in 

\Maxinnini Height 

I of Carer 

in ! nr hex 

Sg Pi 

1 in Peei 

12 i 

10 

0.8 

140 

IS 

10 

1.2 

120 

21 

10 

1.8 

100 

21 

10 

2.1 

100 

30 

10 

3.1 

70 

3() 

8 

7.1 

00 

42 

8 

0.0 

50 

t4S 

8 

12.0 

105 

164 

8 

15.0 

85 

too 

8 

10.0 

70 

too 

8 

23.8 

00 

t72 

8 

28.3 

52 


♦See AASUO or AlUOA for KaRe.s for appurtenant .structiireia. 
tThese .size.s arc all to l)e strutted. 


133 




CHAPTER THIRTEEN 


Design for Airport Loadings 


The design of an airport requires first the detenniiijition of the type and extent 
of activities it is exi)ected to serve, and especially the size and weiftht of the planes 
that will use it. Civil airports are divided into the following classes:* 

Seco7idari /—Airports for Larger (2,000-11) to 15,000-lb) aircraft in nonscheduled 
flying activities. 

Feeder —Airports to serve certificated fecalcr aii lines. 

Trunk Lirjc--Airports to serve sniall(*r cities on airline trunk routes. 

Express —Airj)orts at iin])ortant cities or junction points on trunk routes. 

Contimmtal —Air])f)its serving aircraft making long nonstop domestic flights. 

Intercontinental- Airports terminating long international fliglits. 

hiii rcontinenlal Express — Air[>orts serving the highest type oi transoceanic flights. 

The design standards shown in Table 1.3-1 are recommended by the Civil Aero¬ 
nautics Administration as general guides for airport design. 

The usual design ])ractice is to consider the gioss weight of the airplane as di¬ 
vided between the two main wheels or groups of wheels, disregarding that portion 
of the load carried by the tail wheel oi nose wheel. 

It w ill be noted that the heaviest wheel load ])rovided for in Table 13-1 is 12.’).()()() 
lb. Military ])lanes have still greatei weights. Experimental planes in opeiation 
have gross w'cights up to 300,()()() lb. The U. S. Aii Force B-3f) bomber has a gross 

♦“Airport DoMgn,” Civil Acioiuiutics Afhnui., XT. S. Dept, of (’oiiimtMcc, .Jan. 1!)41). 



Fig, 84. Giant cargo airplane, C-124-A, of the United States Air Force hos a maximum weight of 
210,000 lb—Courtesy Wrighf-Pafferson Air Force Base. 
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TABLE 13-1 AIRPORT DESIGN STANDARDS 


Type of Service 

Minimum 
]yidths 
in Feet 

Maximum 
Grades 
in Per Cent 

Pavement Load¬ 
ing per 
Wheel 

{in 1000 lb.) 

Runiray 
Length in Feet 

Landing 
Stri p 

Run wag 

Longi¬ 

tudinal 

7Vaxi‘- 

versc 

Single 

Wheel 

Dual 

Wheel 

Secondary. 

1500 to 3000 

250 

75 

2 

2 



Feeder. 

3001 to 3500 

300 

100 


1};'. 

15 

20 

Trunk Line. 

3501 to -1200 

400 

1.50 

11 

Do 

30 

40 

lOxpi’c.ss. 

4201 to 5000 

500 

150 

D4 

1 1 ■> 

45 

00 

C^)ntineMtal. 

5001 to ,5000 

500 

1.50 

Do 

132 

00 

80 

Jntercontiixaital. . 

5901 to 7000 

500 

200 


Cii 

75 

100 

Iiitenrontinental 


1 






Express. 

7001 to 8400 

500 

200 


v.i 

100 

125 


Source: Airport Design, Civil Aeronautics Admin., Wash., D.C., Jan. 1049. 04 pp. 


woi^lit of 340,000 11). It is rioccssary to guaid the Ininliiig; surf.‘ice, the service 
fneas, and the underground structures against the wheel loads eN|)ected on the 
aiiport tliat is lieing designed. Fig. <S4. 

Impact and Vibration 

''riiere is some difTerence of ojiinion as to wh(‘ther a paiked aij‘i)la.ne with its 
motors not rotating, transmits a greater dead load to tlx* pavimient th.'in the im¬ 
pact load wl)en the i)la,ne is landing. Some (‘onsider the impact loarl fa(‘tor to he 
less than 1; others use an impact factor of 1.25 to 2. 

Some disagreement on the etfect of airplane wh(*(‘l loads on pavement and siih- 
grade is reflected in the Canadian Department of Transpoi t and tlx? U. S. Navy 
(h'sign for a thickness of only a fraction of tliat reipiired hy the U. S. lOnginecrs.* 

Vibration at the ends of runways and other warm-up or ‘‘r(‘vving” areas when 
the profxdlers are revolving at high speeds can impose a si'vtai* stiess on under- 
ground conduits. Corrugated metal structures liecause of their flexible nature 
aie not usually adversely affected. 

Recommended Minimum Cover 

Depth of cover or “height of cover’’ is measured from bottom of pavenxMit to 
to}) of conduit. If there is no pavement, the re((uired minimum cover is inci’cased 
l>y zero to 1 ft. 

(’over for i)ii)es in airfield areas outside of binding or taxiway strijis and on similar 
non-traffic areas is designed for a 30,000-11) plane load by l)oth the CAA and the 
F. S. baigineers. Cover for ])if)es within aircraft traffic areas should be provided as 
sliowM in Table 13-2 of the (’AA (revised April 1051). The CAA arxl the U. 8. 
laigineers recpiire that ])ipes jilaced under coix-rete i)avements on airfields should 
have a minimum cover below the slal) of 1.0 ft for single wheel loads of 00,0(K) lb, 
and 2.0 ft for single wheel loads of 150,000 lb. 

*“Canadian Pavement Design Defended,” by Norman W. McLeod, Canadian Dept, of 
Transp., Engineerin'^ X( ws-Record, Aug. 9, 19.51 pp. ^5 38. 










TABLE 13-2 MINIMUM HEIGHT OF COVER FOR PIPE UNDER AIRPORTS—IN FEET 
Recommended by Civil Aeronautics Administration (Dwg. No. 892, April, 1951) 
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Note 1. Cover for pipe in airfield areas not used by aircraft traffic Note 3. Pipe placed under concrete pavements on airfields shall 

shall be designed for a single wheel load of 15,000 pounds. have a minimum cover measured below the slab of one foot for single 

Note 2. Cover for pipes within runway or taxiway strips and other wheel loads of 60,000 pounds and two feet for single wheel loads of 

aircraft traffic areas shall be provided in accordance with the above 150,000 pounds. 

table except as provided for rigid pavements in Note 3. V.C. = Vitrified clay R.C. = Reinforced concrete 
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Design Examples 

Tiie accompanying table of CAA (Table 13-2) inclu.tes rigid tvpes as well as 
corrugated metal pipe, and is for wheel load and not for plane load. 

Example: Class 4 Airport 
120,000 Ih plane 
8-in. con-, metal pipe, 18 gage 
min. e()ver = 2.0 ft 

Example: Class 3 Airport 
74,000 II) plane 
120-in. Multi-Plate pipe 
min. cover ((lej)th l)elo\v slab) = 1.5 ft 
gage to use = No. 8. (Table 13-7, page 139) 


TABLE 13-3 MINIMUM HEIGHT OF COVER—IN FEET 
FOR CORRUGATED METAL P/PE-ARCHES 
UNDER RIGID AIRFIELD PAVEMENT 


SjKtn —in Feet 

1 

2 

3 


4 


5 

6 

I ^ lane Weight 
in Tkoumnd 
Pounds 

WO 

200 

300 

100 


100 

200 

300 

100 

200 

300 

KM) 

200 

300 

100 

200 

3(X) 

lOgjige 

0.5 

1.0 

l.O 

0.5 

l.oj 1.0 













M gag(‘ 

0.5 

1.0 

1.0 

0.5 

1.0! 1.0 

0.5 

1.0 

1.0 










12 gMg(‘ 

0.5 

1 .o; 1.0 

0.5 

; l.o: l.ol 

10.5; 

1.0 

1.0 

i.o 

1.5 

2.0 

1.0 






10 gage 

0.51 

1.0 

1.0 

0.5| 

l.o: l.oj0.5 

1.0 

1.0 

0.5; 

1.0 

1.0 

0.5 

1.0 

1.0 

1.5 



8 gag(‘ 

0.5i 

i.o; 1.0 

0.5; 

j 

1.0; 1.0; 0.5 

1 ! 

1.0 

j 1 

1.0 

1 

0.5: 

1 

1.0 

1.0 

i 

0.5 

1.0 

i 

1.0 

1.0 

1.5 

2.0 


TABLE 13-4 MINIMUM HEIGHT OF COVER—IN FEET 
FOR CORRUGATED METAL PIPE-ARCHES 
FROM SURFACE OF FLEXIBLE AIRFIELD PAVEMENT 


Span in Feel 


/ 



2 



3 



4 



5 


Plane Weight 
















in Thoumnd 

100 200 

300 

100\2(X)\300 

100 

2(K)'m) 

100 

200 

3(X) 

100 

200 

300 

P (Kind a 
















10 gage 

1.5 

2.0 

13.0 

3.o| 4.0 











14 gage 

1.0 

2.0 

2.5 

2.5 

3.0 

1.5 










12 gage 

1.0 

2.0 

2.5 

2.0! 2.5 

3.5 

3.0 

4.0 



1 





10 gage 




1.0 

2.0 

2..5 

2.0i 

3.5 

4.5 

3.01 

4.0 

5.0 

4.0 

5.0 

6.0 

8 gage ' 







l.Oi 2.5 

1 

4.01 2.0. 3.0 

I i 

3.5 

3.5 

4.0! 4.5 

1 

! 




son 


5.0 

4.0 


4.5 


5.0 
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STRENGTH DESIGN 


Strength of Underdrains 

I :nderdrains or subdrainage pipes are no different than other conduits or culveits 
insofar as loading conditions are concerned. Some of these underdrains are of 
riveted corrugated metal pipe, but for the most part are of the Hel-Cor tyj^e in 
diameters from 0 to 18 inclies. The foregoing gage tables, particulaily those for aii- 
field loadings, are applicable. 


TABLE 13-5 MINIMUM HEIGHT OF COVER—IN FEET 
FOR MULTI-PLATE PIPE-ARCHES 
UNDER RIGID AIRFIELD PAVEMENT 


2d pan in Feet 

0 



cS' 



10 



12 


10 


Plane WeUjhl 

i 









i 


1 


in Thousand 

too 200 200 100 

200 SOO 

too 200 SOO,100 

200 SOO 100 200 SOO 100 200 SOO 

P(mnds 

; 











1 


12 ga ge 

2.0 2.5 

3.0 

2.5 

3.5 

4.0 

3.5 

4.5 


4.5 

1 

; 

i 


I0gag(‘ 

1.5 2 . 0 ! 2.5 

2.0 

3.0 

3.0 

3.0 

3.5 

4.0 3.5 

4.5 5.0' 4.5 




S gag(‘ 

1.5 2.0! 2.0 

2.0 

2.5 

2.5 

2.5 

3.0 3.0 

3.0 3.5 3.5: 3.5 

4.0 4.5 

1.0 


7 gage 

1.0 1.5 

1.5 

1.5 

2.0 2.0 

2.0 2.0 2.5 

2.0 2.5 3.0 2.5 

3.5 3.5 

3 . 5 I 4.0 


5 gage 

1.0 1.0 J.5 

1.0 

1.5 

1.5 1.5 

1.5 

2.0 

1.5 

2 . 0 : 2.5' 2.0 2.5 3.0 

2.5: 3.0 4.0 

3 gage 

0.5 1.0’ 1.5 

! 1.0 

1.0 

J.5 

1.0 

1.5 

' 1.5 

1.5 

1.5i2.0 1.5 

2.0 2.5 

2.0 2.5 

3.0 

1 gag<* 

0.5; 1.0! 1.5 

i i 

|0.5 

1 

1.0 

i.r. 

1.0, 1 . 0 : 1.5 

■ 1 

1.0 

1.5'1.5 1.5 

I : 

1.5 2.0 1.5 2.0 2.5 


TABLE 13-6 MINIMUM HEIGHT OF COVER—IN FEET 
FOR MULTI-PLATE PIPE-ARCHES 
FROM SURFACE OF FLEXIBLE AIRFIELD PAVEMENT 


S/Kin—in Fcrl : 

Plane \\'ei(,hl ' 
in Thousand I0()\ 
]\fiinds 


10 


12 gage 
10 gagt' 
‘S gage 

7 gag<‘ 
5 gag(‘ 
3 gage 
1 gage 


200 dOO KHUOO 






100 i(X) 200 m> i(x) 200 Sixi too 200 m) 100 200 soo 


|3.0 a.o 4.5 3.5 1.5: 
j 2.0 3.0 4.0 3.0 4.0 4.5 


I 2.0 3.0; 3.5' 2.5; 3.5, 4.0 


4.5 5.0; 5.0 

3.5 4.0 5.0; 4.0 .5.0 5.5 4.5 i 5.0 

i ; ! i I : , . ' 

! 1.5 2.513.0 2.0I 3.0; 3.5 2.5 3.5 4.5 3.0 4.0 5.0 3.5 5.0 5.5 1.5 
i 1.5 2.0! 3.0 1.5 2.5 3.5 2.0 3.0 4.0 2.5 3.5 4.5 3.0 4.0 5.0 3.5 4.5 


I 1 . 0 : 2.0 2 . 5 : 
i 1.0 2.0 2.5 


1.5 2.0 3.0 1.5 2.5 3.5; 2.5 3.0 4.0 2.5 3.5 4.5 3.0! 4.0 5.0 
1.0 2 . 0 ' 3.0 1.5 2.0 3.0 2.0 3.0: 3.5 2.5 3.0! 4.0 2.5; 3.5 4.5 
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TABLE 13-7 RECOMMENDED MINIMUM HEIGHT OF COVER—IN FEET 
FOR MULTI-PLATC PIPE UNDER AIRPORTS 


11’'!. 1 T _ 1 


For Pipe. Under Concrete 
Pavement 

Depth Below Slab 

Fm 

Pipe U nder ( 'om parted 
Earth Bachfilt — 

No Pavement 

M ncci 1 

jOWI 

(ifigr 


Diameter 

in Inches 



Diameter 

in Inches 





m 

72 


!)6 

WS 

120 

60 

72 

■ 


96 

10S 

120 



12 

0.5 

0.5 

1.0 




1.0 

1.5 

2.0 






10 



0.5 

0.5 

0.5 

1.5 


1.0 

1.5 

1.5 

2.0 

2.5 



8 






0.5 



1.0 

1.0 

1.5 

2.0 

If),()()() 

LI) 

7 











1.0 

2.0 



5 

3 

1 












1.0 



12 

0.5 

2.0 

3.5 




2 0 

2.5 

1.0 






10 


0.5 

1.0 

1.5 

2.5 

5.0 

1.0 

1.5 

2.0 

2.5 

3.5 

5.0 



8 



0.5 

0.5 

1.0 

1.5 


J.O 

1.5 

2.0 

2.0 

2.5 

40,000 

14) 

7 





0.5 

1.0 



1.0 

1.5 

1.5 

2.0 



5 : 






0.5 1 




1.0 

1.0 

1.5 



‘ 

j 



■ 






i 


1.0 


- - . 

12 

i i.o; 

2.5 i 


- 1 



2.5 

3.5 


' ' ' 


. 



10 

0.5 

0.5 

1.5 

2.5 

4.0 

! 

1.5 ! 

2.0 

2.5 

3.5 

4.0 




S 


! 

0.5 

1.0 

1.5 

2.5 ‘ 

1.0 j 

1.5 

1.5 

2.0 

1 2.5 

3.5 

(30,000 

LI) 

7 

i 



0.5 

1.0 

1.5 ‘ 


1.0 

1.5 

1.5 

j2.0 

2.5 



5 





0.5 

1 0.5 ^ 



1.0 

1.0 

1 1.5 

j 2.0 



3 











1.0 

j 1.5 



1 

1 





1 



1 

! ! 



1 

1 1.0 


i 12 

3.0 1 ; 3.5 

i ! : 

! 10 

1.0 2.0 3.5 I j 2.0 3.0 

4.0 i i 

: s 

1.0 I.o! 2.5 1 4.0 1.5; 2.0 

2.5 3.5 4.0 


1.0 ; 1.5 1 2.5 ^ 4.0 : 1.5 

2.0 2.5 3.5 ' 4.0 

1 i 

i 5 1 

! j 1.0 i 1.0 ; 2.0 ^ 

i 1.5 1.5 2.0 ; 3.0 

; 3 1 

1 1 I 1.0 1 : 

! i 1.5 ! 2.0 

1 1 

1 1 ' ■ ; ' 

i L5 









CHAPTSk FOuttreeN 


Tunnel Liner Plate Gages 


Goge Tables for Liner Plate 

Exi)oricnc*c is the l)est guide for deteriiiining dimensions and pi‘oi)er gages for 
tunnel liners under vai ious eonditions of soil, water and eare of installation. The 
accoin|)anying Tables 14--1 to 14-5 may be used as a guide. 


TABLE 14-1 GAGES OF ARMCO LINER PLATE 
FOR CONTINUOUS LOAD-CARRYING STRUCTURES 
Under H-20 Loading 



Notes: 

1. Table indieates appropriate Rage for tunneling in stable soil. Wliere unstalile soil is eii- 
eounteied, gages heavier than shown should be used depending upon the degree of instability. 

2. Lighter gages are often used for temporary load-earrying struetures. 14 gage plates arc 
available for use when eonditions permit. 

3. Interpolate for iiitermediate diameters. Diameters available in incretneiits of 2 in. 
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table 14-2 GAGES OF ARMCO LINER PLATE 
FOR CONTINUOUS LOAD-CARRYING STRUCTURES 
Under Cooper E 70 Loading 


Neutral 
.l.m Diaru. 


Height of Corer—in Feet 


in 


6-10 

11- 

16- 

21- 

26- 

31- 

36- 

41‘ 

46- 

.5/- 

56- 

61- 

71- 

I nehen 

1/) 


25 

30 

35 

40 

45 

50 

55 

60 

70 

SO 

48 

12 

12 

12 

12 

12 

12 

12 

12 

10 

8 

( 

5 

5 

5 

54 

12 

12 

12 

12 

12 

12 

12 

10 

8 

7 

5 

5 

5 

5 

60 

12 

12 

12 

12 

12 

12 

10 

8 

-- 

/ 

o 

5 

5 

5 

3 

Of) 

10 

12 

12 

12 

12 

10 

8 

7 

5 

5 

5 

5 

5 


72 

10 

12 

12 

12 

12 

10 

8 

5 

5 

.5 

5 

5 

3 


78 

8 

10 

10 

10 

10 

8 

7 

5 

5 

5 

5 

5 

I 

84 

8 

10 

10 

10 

10 

S 

5 

5 

5 

5 

5 

3 



90 

7 

8 

8 

8 

8 

7 

5 

5 

5 

•> 

3 





5 

8 

8 

8 

8 

5 

5 

5 

5 

3 





102 

5 

8 

8 

8 

8 

5 

5 

5 

5 

3 





108 

5 

1 7 

7 

7 

5 

5 

5 

5 

3 


1 




111 

5 

5 

5 

5 

5 

5 

5 

5 ! 

3 ; 






120 

5 

5 

5 

5 

5 

i 

5 




1 




120 

5 

5 

5 

5 

5 

5 

5 

1 

1 







132 

5 

5 

5 

5 

5 

5 

5 

1 

1 






138 

5 

5 

5 

5 

5 

5 

3 








144 

5 

5 

5 

5 

5 

5 

3 

1 







150 

5 

5 

5 

5 


5 

3 

1 

1 






150 

5 

5 

5 

5 

5 

5 i 



1 






102 

3 

5 i 

5 

5 

5 

3 









108 

3 

5 

5 

5 

5 

3 









174 

3 

5 1 

5 

5 

5 

3 


i 







180 


5 j 

5 

5 

5 





! 




1 


Fig. 85. Installing steel liner 
plate for storm sewer tunnel 
in city of Los Angeles. Fin¬ 
ished tunnel is horse-shoe 
shaped with 3,200 ft length 
having inside diameter of 
11 ft 6 in. and 1 ,700 ft of 
9 ft 3 in. diameter. 






TABLE 14-3 RECOMMENDED MINIMUM GAGES OF ARMCO LINER PLATE ARCHES 
FOR INSTALLATIONS INSIDE EXISTING ARCH STRUCTURES 
Under Cooper E 70 Loading R S = 0.3 to 0.5 
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STRENGTH DESIGN 


Span 

in 

t 

CC 00 CJ 0 

-- CM X -t lO 

2 •- 2 2 § S 






c> 


LO *0 »0 CO 



no 

ac 

X 1- 1- t- lO 

X X X X 




0 00 OD 0(0 1- 

10 0 ‘O 20 X 

X X 




?•* 


1- Lo »o 

X X 


o> 


OO 00 1 ' 1 - 

lO 20 X X X 



-TJ 

0 0 00 00 00 

lO 20 20 

20 X X 






i>» 1-- »o »o »o 

XXX 




00 00 1- 1- 1- 

to 20 20 X X 

X 



0 0 00 00 00 

1- 1- 1- 20 to 

20 LO X X 






’*s 

r 
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20 X X X 



aa 

0 X 00 !■- 

1 ^ 10 20 20 X 
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_ 

00 


X 1 - 1 - 1 - to 

20 lO X X X 
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•>? 
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XXX 

>»< 

QQ 
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't; 

2222°® 
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......! .... ■ 

Ci 

0 
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aa 
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1 

f 

7 

7 

0 

to to 20 X X X 
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1 

?o 

0 
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05 
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05 
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ll 
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s; 
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-c 
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TABLE 14-4 GAGES OF ARMCO ELLIPTICAL LINER PLATE 
UNDERPASSES 
For H-20 Loading 


Under'- 

Height of Cover in Feel 

paaa Mo. 

If-d 

6-10 

n-i5 

16-110 \si-30 
L_ .1 

\si-4d4U6() 

1 : 

1 

1 

12 

12 

12 

12 

8 

5 

5 

5 

2 

12 

12 

12 

10 

8 

5 

5 

3 

3 

12 

12 

10 

10 

7 

5 

f) 


4 

12 

12 

10 

10 

7 

5 

5 


5 

10 

12 

10 

10 

5 

5 

5 


fi 

10 

12 

10 

10 

5 

T) 

3 


7 

10 

12 

10 

10 

5 

f) i 

3 


8 

10 

10 

10 

8 

5 

5 



0 

10 

10 

10 

8 

5 

3 



10 

8 

10 

8 

8 

5 

3 




TABLE 14-5 GAGES OF ARMCO ELLIPTICAL LINER PLATE 
UNDERPASSES 
For Cooper E 70 Loading 


,, , ! Jlelahl of (Uwcr in Frii 

•Jndrr- 


pass A‘o. 


6-10 

11-Id 

16-^0 

JI-SO 

8 1 - 40 . 41 -do 

1 

8 

10 

10 

10 

8 

5 

r> 

2 

8 

10 

10 

10 

8 

f) 

5 

3 

7 

10 

10 

10 

7 

5 

5 

4 

7 

8 

8 

8 

7 

r> 

5 

5 

5 

8 

8 

8 

5 

/) 

5 

() 

5 

8 

8 

8 

5 

T) 

3 

7 

5 

8 

8 

8 

5 

r> 

3 

8 

5 

7 

7 

7 

5 

d 


\) 

5 

5 

5 

5 

5 

3 


10 

5 

5 

5 

5 1 

5 1 

3 









CHAPTER FIFTEEN 


Miscellaneous Loadings 


Safe Spans for Aerial Pipe 

For cxposofi rorruj^iitod motal sowers and other pij)e lines carrying; sewage or 
water, the table of safe spans (opposite) gives the aliowalde spacing between saddles 
or brackets, when tlie pipe is flowing full. It is not necessary to support the pipe 
on beams or rails between tlie pi(a*s. Fig. <S(). 

Where exposed pipe serves to carry air or gases, the spans may be increased. 

Column Strength 

Column strength of smooth and coirugated metal pipe is of importance where 
such j)ipe are “jacked” as conduits, driven as pile shells or caissons, or where they 
support superloads. The same is true of vertical storage bins. 

The ultimate; strength of short columns of standaid riveted corrugated metal 
pi])e for vai'ious diameters and gages is shown in Fig. 53. page 02. Ry using a suit- 
aijle factor of safety, the desired gage can be i(‘ad from the curves (see example). 

Example: From chart (Fig. 53.) a 4S-in. diam. 12 gage riveted corrugated metal 
pi|)e will cai’ry ap])roximately 550 lb per in. of ))eriphery. 

Therefore 550 x 4S x 3.14I0 = S2',93S lb ultimate strength. 

(This is with no factor of safety). 

llesults of coiiipression t(‘sts on a few 10-ft lengtlis of (> and S-in. diameter helical 
and standard coriugated pipe are shown in Table 15 2. 









Fig. 86. Aerial sanitary sewer of 48-in. Asbestos-Bonded pipe with watertight joints. 
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TABLE 15-1 SAFE SPANS OR BENT SPACING 
—IN FEET 

For Standard Corrugated Metal Pipe Flowing Full of Water 


Diameter 


Gage of Pipe 


in Inches 

16 

14 

12 

to 

8 

12 

12 

13.5 

15.5 



15 

12 

13.5 

15.5 



18 

12.5 

14 

15.5 



21 

12.5 

14 

10 



24 

13 

14.5 

1 ().5 



30 


H.5 

10.5 

10 

20.5 

30 


14.5 

17 

10 

21 

42 


14.5 

17 

10 

21 

48 


15 1 

17.5 

!l>.5 

21 

54 


15 

17.5 

10.5 

21.5 

00 



17.5 

10.") 

21.5 

00 



17.5 

20 

21.5 

72 



17.5 

20 

22 

81 




20 

22 


TABLE 15-2 END COMPRESSION STRENGTH 
OF CORRUGATED METAL PIPE 


Kind of ('orrugalion 

Diameter 
in Inches 

Gage 

.4 re rage 

Ma.r. Ij(mhI 

in Lh 

TI(«lir:il . 

0 

18 

0,325 

10,312 

Hclicnl.! 

0 

10 

Uv\\en\ .i 

8 

18 

0,133 

Helical.; 

8 

10 

11,875 

Standard.1 

S 

10 

10,000 











SECTION THREE 


DURABILITY STUDIES 

ON METALS AND PROTECTIVE COATINGS 


CHAPTER SIXTEEN 

Methods of Determining Durability 


Summary 

Altliougli considornhle rosoarcli lias lioon and is Ixmii^ (‘arriod on, tluMC is little' 
pulilishod information on tlu' durahility or life' (‘\|)e‘(‘ta.ncy of ili’aina^o sl,riicture^s. 
Fk'ld ins])('ctions ]>i\’e tlio surest answer on diiralnlil\’. Inspe'elions of lar^e' niini- 

liers of strnc'tureis indicate two ))atliways of deterioration.striie*tiiial and material. 

Interpretation of the lesults is not an exact science hut is a, lu'lpful j^uide in prei- 
eiictin^!; (lurahility. Corruj»ated metal drainatie structures under various service 
conditions and with various dej:;rees of protection j^ive lonj? and amjile serviex) life 
for modern construction. 

Destructive Forces 

Any enjiiineerinj;' stricture to he satisfactory for a desij^ne'.d use must posses.s 
suflieient l)ut not wasteful durahility. This durahility inijilies resistance both to 
structural forces and material deterioration, including: 

1. ]'!!xcessive loads from any cause, impact, undermining;, etc. 

2. Loij<»itudinal forces tending; to pull the structure ajiar t. 

3. Corrosion, deterioration, rotting;, disintc'gration and other chemical oi’ elec- 
trolytic actions. 

4. llrosion or abrasive action by hydraulic traffic throuj;h the structurin 

Research on the first two items has been discus.sed in |)i*ecedinK chapti'rs. The 
third and fourth items are dis(!ussed here. 

Nature of Research 

Researcli on material duraliility has been of several kinds—(1) laboratory tests, 
(2) special field installations and (3) inspection and evaluation of actual existing; 
structures. I']xtensive tests have lieen made and are constantly underway by the 
American Society for Testing Materials, the U. S. Bureau of Standanls and liy 
other engineering a.ssociations. industries and materials prodiK'crs. Tliose investi¬ 
gations cover not only the basic materials but also piotective coatings, linings, et(!. 
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/. Laboratory Tests. Laboratory tests on material durability are useful in that 
they enable the factors to be varied and controlled. Also, they permit accelerating 
the aging conditions, there!)y giving data within days or weeks which otherwise 
might require years. Re.searchers, however, are wary a!)()ut making any predictions 
as to the comparative or a!)solute service life expectancy of any material as the 
result of these accelerated tests, whi(;h at best can serve only as a rough guide. It 
is practically impossible to jjredict actual service behavior from such accelerated 
tests as they cannot l)e desigiu^d to include all tlie factois encountered in actual 
service. 

For example, in 1907 the American Society for Testing Materials inaugurated 
the “acid corrosion test” to simulate atmospheric corrosion of metal. Tliese tests 
were renounced by this same organization in 1909 and 1911. Again, in 1980, this 
organization “concluded tliat an a(ud test conducted by the procedure followed 
by the committee is not ca|)able of consistent rei)etition. Further, the data from 
such an acid test should not be used to forec^ast the relative life of ordinaiy ferrous or 
otlier materials in tVie atmosphere.”^ Aiiother general conclusion was that life ex¬ 
pectancy under atmospheric and underground conditions were not (‘ornparable. 

2. Spcrial Field Installations. Researcli projects arci constantly undc'rway to 
determine the (M)inparati\'e durability of various materials. These aie not ac¬ 
celerated tests, nor ar(‘ they full-scale tests of actual structur(\s. Ratlier they in¬ 
volve the exposure of many samples of materials to atmosi)lu‘ric, water immersion 
or underground conditions in vai ious typi(^al geographical areas.* Fig. 87. 

These tests cover long periods of time. Data obtaitied from them aw definitely 
more reliable than those from axa^elorated tests, l)ut are not necessarily convertible 
to all service conditions. » 

3. Field Investigations. The most reliable way to estimate the life exj')ectancy 
of a conduit or other etigineering structure is to examine the lecoi’ds of a large 
number of these structures that have served their fidl useful life. Unfortunately 
such complete records of structures under various ser\ ice conditions are not avail¬ 
able. However, many structures of various ages have lu'en (‘xainined. and by ajipiy- 
ing a widely accepted nudhod of |)i(*<licting life expectancy discussed luMeafter, it is 
possible to reach reasonable conclusions. 

Prompted by the report over three decades ago th.at corrugated metal culverts 
wen* rusting out (failing materially), the Armco Steel (^)rpoi ation (then The Ameri¬ 
can Rolling Mill Uo.) started a nationwide survey of various drainage structures.-’ 
This marked the iiiitiation of a “Look Under Your Roads” cam|).aign to learn 
first-hand how the various types of drainage structures were performing under 
actual service* conditions. Armco has continu(*d ever since to co()j)erate witli various 
groups in this research on durability. 

A number of state liighway departments and, later, the Highway Research 
Ihmrd l>(*canu* vitally interested in field investigations. In 1925, the Tennessee 
State Highway I)ej)artment launched the first compiehensive study to learn more 
about culvert performance. Duririg the next few years similar studies were made 
by more than a dozen states. This work was reviewed in the June 5. 1980, issue f)f 
Engineering \ews-Record* by S. B. Slack of the (leorgia State Highway Depart¬ 
ment. who conducted investigations in that state in 1920, 1928 and 1980. In this 
article Slack quotes from a report by E. F. Kelley, chief of Division of Tests, 
Bureau of Public Roads: 

1 . The rating schedule used in this survey for measuring the relative behavior 
in service of corrugated sheet metal culverts is sound in principle. 
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Fig. 88. The “look under your roads'* method of examining culverts is considered the best way of 
determining durability. Above 42-in. Armco culvert was installed 1912 near Mt. Healthy, Ohio. 
Age of culvert, 41 years. 


2 . The use of sucli a scliedulo may he expoct-ed to yield results liavins a decree 
of accuracy sudicicMit for the purpose and its use by different observers may 
be expected to yi(‘ld comparable r(‘sults. 

Thousands of culverts of all types \v(ae examined and l•o-ex^lmined at intervals. 
Definite ideas of peiformance in the major conditions of service develojied from 
these investigations and leplaced the somewhat erroneous tlieorios which prevailed 
l)revious to that time. Fii*;. 8S. 

Uniform Methods 

It was necessary to set forth a definite inspection procedure, capable of beiiifi; 
du])li(*ated by a number of comp(*tent investij»:ators with a, reasonable decree of 
accuracy. Anion^; the more important |>oints of an investigation are: 

1. The ins|)ection of all culverts under a ^iven numl)er of roads ac(^ordini»: to a 
|)ie\ iously d(‘termined |)ro^ram, and by a conip(‘tent and unbiased inspeertion 
cr(‘w. 

2. A wi iften record of each culvert inspected. 

3. A peicentaj^e rating? assijfued to cacli culvert l)ased oii its j)resent condition. 

4. An averau^e life expec'tancy com|)uted for each (ailveit tyi)C or material in 
each variation of service. 

By examining]; a sufficient number of existing structures in service and predicting 
the numbc'r of >'ears of service remaining, based on their condition and age, a 
much clearer ))icture of culvert life expectancy can be gained. 

Rating [)rograms emj)loycd in field investigations of culverts are founded on the 
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theory that a galvanized metal structure is subject to a uniform rate of deterioration 
to failure.* Percentage values for the stages of deterioration are determined from 
field observations of structures of the principal types in all conditions of deteriora¬ 
tion and of various ages. The rating program is then based on these stages of 
deterioration and applied to each culvert examined. The average percentage 
rating for each type in each service together with the average service age furnishes 
the basis for estimating the total probable durability for that type and condition. 

Two Pathways of Deterioration 

All of the culvert rating programs developed during the early state highway 
culvert investigations were unanimous in recognizing two distinct pathways of 
deterioration—structural and material. Structures of all types tend to follow both 
pathways to failure but there exists a difference in rates of the two. 

Structural deterioration of a conduit occurs as a result of excessive loads, impact, 

♦Tliiw theory, wliile proved satisfactory for comparing tlie durability of drainaRO conduits, 
is more conservative than the U. S. Bureau of .Standards’ apF>roach to ineasuriiiK exterior 
corri)sive effects on undormound pipe lines. In the latter, greatest corrosion occurs early in 
the life of the conduit and then tapers off. 


TABLE 16-1 CULVERT RATING CHART 
CORRUGATED METAL PIPE 


Hatitu! 
J*rr ( V/// 

Stnirtura} Condi lion i 

I{<\tin<l 
I*rr ( '• nt 

Material Condition 

00 

Perf(*ct lino, joints and shaj)o. | 

00 

Spelter entirely intact. 

75 

Bands or lugs loosening, slight i 
sag or change in alignmenl, i 
(la 1 toning 1 / lOdiaimOeror less. 

75 

Spelle*r just gone and thin rust 
beginning to form in placa's, no 
.abrasion and no pitting. 

.50 

.hhnis (HM'iiirig at bands t)r lugs. 

(’oiisid(*rable sagging, faulting, 
and change* of alignment. Flat- 
te'iiing less than 1/10 diameter., 

50 

(’ompl(*U' loss of spelter and eon- 
shlerable loss of in(‘lal in invc'i t. 
Bitting and some abrasion. 

MO 

; Ib-avv s.agging !ind clumge of 
! alignment. .Joints opening earn-: 
si(h'ral)ly tind pipe llattening; 
h‘ss than 1/5 D. 1 

30 

I)(*eide(l pitting and abra.sion. 
Heavy loss of metal in invert. 

10 

Pipe flattening more th.an 1 /5 D.; 
.Joints pulled entirely apart.! 
Ue;iv> sagging .and very bael 
alignment. Deeided faulting. 

10 

' M(‘tal corroded and abraded 
through invert in small spots. 

; \'ery h(*avy rust and deep pit¬ 
ting geiK'ral over invert. 

0 

i \ zero pet rent rating can only he 

I given wIk'Ii pipe has ])raetieally 

1 tjuit funetioning and needs re- 
! placing. 

0 

; I'httire invert gone. 

i 
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foundation faults and other f(3rces. It is tlie characteristie j^athway to failure for 
the rigid type structures and occurs to a limiterl extent in the flexilile type. 

Material deterioration is the reaction of the material in the structure to the 
disintegrating substances in the hydraulic traffic, to fi-eezing and thawing, to al¬ 
ternate wet and dry conditions, to weathering, aging and other conditions. As 
applied to corrugated metal and concrete, this deterioration is accounted for 
chiefly through erosion and conosion of the invert. 

Rating charts used by the Tennessee State Highway Dei)a,rtment for their culvert 
investigations are reproduced here. See Tables Ifl-I and 10-2. 

Combined Rating 

After a culvert has been a.ssigned a percentage rating for both structural and 
material condition, it is neces.sary to combine the.se ratings. An e(|uation that has 
given reasonable results is: 

F=L+iv (//-L) 

where F = composite rating of present condition in per cent 
L — low rating, either structural or material 
77= high rating, either structural or material 

7iL = empirical compensating constant (I/IO in Tennessee investigations) 


TABLE 16-2 CULVERT RATING CHART 
RIGID PIPE 


liatiiuj 
l*(r (\‘nt 

Structural ( ondition 

Uaiiuij 
l*cr ('rut 

! 

1 Material ('audition 

tX) 

Straight alignineiit, tight joints 
and no crac^ked sections. 

\ m 

.No weathering or disint.fgration 
atid no soft(Miing from aeid or 
alkali or other cau.se.s. 

75 

No crack(‘d sections. Some fault¬ 
ing and opening of joints. Poor 
alignment. 

75 

Somi' W(*.Mlhering or spalling a,nd 
i disintegration. Slight erosion 

1 of invert. 

50 

Sections cra(;ked but cracks not 
o|)ened to any extent. Poor 
aligiinuait. Joints opening :ind 
faulting. Slight flattening. 

50 

1 l)(‘ci«Ied disini (‘grat ion or erosion 
in invert, (leneral we}ith(*ring 
and sp.alling. .Softiaiing due to 
alkali or acid. 

30 

Cracks oi)ening and pipe flatten¬ 
ing considerably. Poor align¬ 
ment and joints ofx'ning and 
faulting considerably. 

30 

Decided disintegration through¬ 
out pipe?. Consifhaable weath¬ 
ering and spalling. Softening 
du(‘ to alkali or acid. 

10 

Soction.s brok(*n and crushed 
partly in; joints badly faulted, j 
Line very poor. Culvert still 
functioning. 

i 

10 

! 

i 1 

1 

I’ixtreme distint(‘gration ami 
.spalling. Material very .soft 
due to acid or alkali. 

0 

.Section crush(*d .so that pipej 
n(‘eds replacing. | 

0 

Disint(‘gration through i)ipe. Re¬ 
inforcing ex[)osed. 
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Having oy)tained the final rating, not of one but of a large numl)er of any type of 
culverts, and knowing the service ages at the time of the investigation, the life ex¬ 
pectancy of that group may be determined. The following method is used: 


where final rating, in per cent 

A =agc or years of service to date 

7i’ = life expectancy, in years for any culvert type 

?/ = unit deterioration, in per cent per year 

T'— average unit deterioration for all the (*ulverts in one sci’vice classifica¬ 
tion 


Example: Assume = per cent (for single culvert) 
and A = 24 years 
100 — 33 

then u =' =2.79 per cent deteriojation i)f‘]‘ year 
100 

and “^ = 30 years = total ultimate file for cuh ei t 

2./9 

Assume a grouf) of culverts with r/ = 3.7S pei’ cent 

then, E = = years = averag(‘ us(‘ful fife of gi’oup 

3. / o 


A large number of structures is n'‘cessary in applying the law of av(‘rages. N(»te 
from the .above ('xaniple that while it is entirely possible to rate one culvert, it is 
not .a s.ale practice to predict .an average life expectancy on one structure. Only 
where a sullicient numlxa* of structures, sixty to sev(aity-(ive or more under one 
service condition, have been investigated can the results be (amsidered reasonably 
conclusive. 


Conclusions 

A number of gcaieral conclusions can be drawn from (advert inv(‘stigations: 

1. No one type of (advert of those inv(‘stig.ated is tb(‘ id(ad one for all c(»nditions. 

2. P.ast o|)inions of (advert dur.ability are in many cas(‘s enoiUMUis. 

3. The we.akn(\ss('s of existing culvert types have been biouglit out. 

4. Sullicient data on duraliility are avail.alile to make economic s(*lection of 
culverts possible. 

Ilecause tliere is a. wide v.ariation in pcaform.ance witli ev(*ry ^^ariation in service 
condition, and because erroneous conclusions might be drawn in att(an])ting to 
apply the ivsidts from one major service condition to .another, it s(*ems advisable 
to mak(‘ culvert investigations of as many culvert typers as possible* serving under 
various major conditions, in order that true durability comparisons can be made. 
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TABLE 16-3 DATES OF INTRODUCTION OF FABRICATED METAL PRODUCTS 


Structure 

Year 

He marks 

Corrugated metal pipe. 

1895 

Patented May 1896. 

Some of earli(‘st structures still in use 

ArmciO Ingot Iron Pipe. 

1906 

Hundreds of early culverts and 
sewers still in servic^e 

Bituminous Paved-Inv(Tt Pipe. 

1926 

Devt4()p(Ml to resist erosion in bottom 
—gives a pipe of “balanced design” 

Multi-Plate Pipe and Arch(‘S. 

1931 

Fii'ld assembleil, bolted construction 

Metal Regaining Walls. 

1931 

Cril)bing; n'placed l)y 14n-type 

Beam-type Guardrail. 

1933 

Corrugated i)late rail 

Asbestos-Bonded Pipe. 

1934 

Developed to give belt(*r adhesion of 
bituminous coating and paveunerit. 
Found to g)V(’ supi‘rior resist ance to 
corrosion 

Liner Plates. 

1935 

For tuun(4ing or relining 

Pil)(‘-Arch. 

1937 

For limited h(*adro()m. 


Found to be mor(‘ (dficient hvdraiilic- 
ally 

Sheet ing. 

1937 

1 Int('rloeking and flang<* types 

Foundation Pipe. 

1939 

Piles and pil(‘ shells 

Bridge Plank. 

1946 

Replacement of ol<i bridge llooritig 
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CHAPreit SEVBNTBBN 


Highway Culvert Inspections 


West Virginia Inspection of Paved Pipe 

Infonuation gained from the early culvert investigations conducted by the 
highway departments provided Armco engineers with valuable data for improving 
their i)roducts. It enabled them to design drainage structures of a “balanced 
design.” For exam|)le, it was learned from these investigations that where the 
structuie must cany heavy hydraulic traffic, the invert of any culvert is vulner¬ 
able to considerable erosion. This led to the development of the bituminous paved 
invert. 

In 1934 the Fngineering I']xperiment Station of the University of West Virginia 
])ublished Resear(;h Bulletin No. 13 entitled, “A Survey of Culverts in W'est 
V^irginia”.’*’'^ Between four and five hundred bituminous Pnved-Invcrt corrugated 
metal structure's were included in the inspection. The following quotation from 
this bulletin summarizes the results: 

“Therei is reason to believe it (paving the invert) may more than double the life 

of plain corrugated metal pijie.” 



Fig. 89. Paved-Invert culvert installed in Roane Co., W. Va. in 1928 in acid mine water service. 
In very good condition when photographed 24 years later. 
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Fig. 90. Reinspaction of 60- 
in. Armco Paved-Invert culvert 
under the Pennsylvania Turn- 
ii pike in 1948 showed the 
pavement successfully resist¬ 
ing erosion. 






The life of the Paved-Invert (sini^le pavement) eorrui;at(‘(l metal ])ii)e in these 
ins))eeti()ns was estiinativl at forty-nine years. 

Many of the eiilverts ins|)eeted in llKIl were reinspeekMl by Armeo enp:ineers in 
1052.^ The findings substantiated those of the 19.S4 inspection: 

'‘The most outstandini*; feature noticed in this reinspeid/ion was the valiK* of the 
pavement in the corruji;ated metal pipe. In the r(*port by I’rofessor Dow’iis in 
1934, he estimated the averai 2 ;e life of single Paved-Invca t corruiiatcul metal j)i])e at 
forty-nine years. W’e feel that the pipe w ill reach that figure. ()n th(‘ other l)and, 
had these pipes been full coated and multii)le paved (over a lireater portion of 
peripheiy), a very hij^li percentaj>;e would attain many more years of useful 
service life than predicted by Professor Downs.” Fi^;. S9. 

Bureau of Public Roads* Inspection of Paved-Invert Culverts 

J^lnj^ineers from the U. S. Bureau of Public Roads (formerly the Public Hoads 
Administration) made an extensive investigation of the performance of bituminous 
coated and Paved-Invert corrupiated metal culverts used for cross-drains under the 
Blue Ridge Parkway in North Carolina and Virginia in 1945. I'he structures 
insi)ected had been installed during the period 193()-1941. Included were culverts 
furnished by Armco and other manufacturers. This investigation” indicates that 
the proper application of coating and paved-invert can substantijilly increase the 
service life of corrugated culverts. 

Pennsylvania Turnpike Culverts 

In 1941, Armco engineers made a study of the |)(*rff)nnance of corrugaterl metal 
drainage structures installed a few' years earlier on the original Pennsyh ania Turn¬ 
pike. In 1948 these structures were reinspected. Fig. 90. Little change from the 
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condition reported in 1941 could he noted. Quoting from the earlier report:* 

‘‘The invert pavements were, with a few minor exceptions, in excellent or very 
good condition. 

“The coatings in the ui^per portions of all Armco culverts were examined and 
tested for adhesion . . . The coatings adhered tenaciously and, using a putty 
knife, it was iiu|)ossil)le to expose base metal.” 

From an article,’” written after the 1948 inspection of these same installations, 
the following is quoted: 

“Tlie need for a ‘balanced design’ in culverts, i.e. extra material where the wear 
is gieatest, is dramatically demonstrated by the structures under the Pennsyl¬ 
vania Turn|)ike. No evidence of erosion damage to Armco Pipe was found, hut 
in many places small chii)s were missing from the pavement surfaces, indicating 
that the watc'r flowing tlirough the structures carried considerable gravel and 
oth(*r debiis. Without the protection of the bituminous |)avemcnt, the gal- 
\'aniz(Ml coating on the pipe would have been worn away under the continuous 
flow ol)served.” 

Culverts in New Mexico Alkali Soils 

Inspection was made by Armco engineers, in 1948, of a number of highway 
culvcuts jit several locations in New Mexico. The purj)ose was to determine the 
effect of alkali soils on the durability of galvanized corrugated metal structures. 
Fig. 91. 

Most of the culverts were 24, 30 and 3()-ip. pipe and small pii)e-arches. However, 



Fig 91. installed in 1927 under a state highway south of Gallup, N. Mex., this 24-in. Armco culvert 
showed no loss of spelter when inspected 21 years later. 
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Fig. 92. Twenty years of 
service on this Multi-Plate pipe 
in Georgia shows some dis¬ 
coloration but otherwise is 
perfect materially and struc¬ 
turally. 


a twin GO-in. pipe and a 9()-in. ]Multi-Plate pi|>e were included. A^es varied from 
eighteen months to twenty years. The soil at all locations was t(‘st(‘d for water 
soluble salts ineluding sulphates and chlorides. Sulphates varied from 0.01 to 2..S1 
per cent. 

Although there was some corrosion of the base metal on the outside of some of the 
culverts, there was no deterioration on the inside. The report reads, “Th(‘re is no 
correlation to be found between the sulphate content of the soils and tin; ap[)arent 
corrosion of the corrugated metal pipe after periods of service vaiying from eighteen 
months to more th.an twenty years.” 

Multi-Plate Pipe and Arch Inspections 

The first extensive study made to learn the performance being given by the lai-ger 
Multi-Plato strmdures was in 1943-1911." Sima* this was the first compr(4K*nsiv(‘ 
investigation of installations of the size range of Multi-Plat(\ considerable thouglit 
was given to the development of an inspection form which would furnish the desired 
information and insure uniformity of results regardless of the number of investi¬ 
gators taking part. In drawing up the inspection forms, full use was made of the 
experience gained during the previous investigations of smaller j)ipe. I'^ig. 92. 

Ages of the structures inspected range from four to tw(*lve years, with an over-all 
average of 7.7 years. It was realized that tliis was a compai-atively short hindsight 
to use as a basis of predicting average life expectancy. ddKaefijie, every efTort was 
made to be conservative. (Quoting from a publislied article 

^‘Only structures where circumstances permitted a thorough examination were 
included in making up the weiglited averages, and the material ratings were 
based on the worst condition and not on the aveiage comlitions of the entire 
structure. W'ith these precautions in mind, the estimate of an aveiage of at 
least fifty years for all gages and all conditions of service may be said to be a 
conservative one based on the most complete performant;e data w}ii(;h could be 
secured.. . . 
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“Service conditions for arches, with respect to the effect on the plates vary greatly 
from those of pii)es. Arches, except for a few in the smaller sizes, have no bottom 
except the streambed, and, where possible, the springline of the arch is usually 
kept above the normal water level. 

“Because of the uniformly good material condition of the arches, it is believed 
that in the majority of cases, the life of (corrugated arches will be determined by 
the life of the foundatkms.” 
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Railway Culvert Inspections 


Railroads in tlie United States and Canada make it a practice to examine annually 
all of the culverts under their lines---a very commendable i)ractice. W'liile this does 
not result in ‘‘rating” the culverts and measurinii their service life, it ^ives the 
engineers an answer to the (luestion of culvert performance and durability. 

These inspections have led to confidence in and widesi)n‘ad use of I'.orrunated 
metal culverts in a wide ran^e of sizes and under even the severest of service con¬ 
ditions. 



Fig. 93. Veteran 24-In. 16 gage 
Armco culvert installed under 25 
ft of fill on the Santa Fe Railway 
in Arizona in 1911. Condition 
good when photographed 37 
years later. 
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Depth of Fill in Feet—Vertical Deflections 



Note: *Fill Is Wet, Water Seeping Through Joints. 

Loss of Lateral Resistance Has Resulted in 
Excessive Deflection But Complete Failure 
Not Imminent. 

•—Corrugated Metal Culverts 
o—Structural Plate Culverts 
X— Tunnel Liner 

A—Average Variation—Corrugated Metal Culverts 
A—Average Variation—Structural Plate Culverts 

Fig. 94. Charts showing vertical and horizontal deflections of approximately 300 corrugated metal 
culverts 5 ft in diameter and larger installed in various ways under numerous U. S. railroads. Exces¬ 
sive deflections occurred in only a few cases.—Courtesy AREA, Jan, ? 953. 
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American Association of Railroads, Inspections of 1949-1952 

The American Railway Engineering Association Committee 15, Iron and Steel 
Structures, in January 1953 issued a progress report on the inspection of some 300 
corrugated metal pipe 60 in. and larger.'® The purpose was to examine “the struc¬ 
tural i)erformance of existing field installations with the hope that their performance 
would show cither that the present design practice is sound or that it sliould be re¬ 
vised. Member roads of the AREA were asked to report the vertical and horizontal 
deflections of a lepresentative numl)er of structures 5 ft or more in diameter. The 
300 corrugated metal pipes were “of riveted and bolted construction installed with 
and without strutting, in compacted and non-compacted embankments. Ap])roxi- 
mately one-fourth of the structures were installed by jacking or tunneling the 
structure through the existing embankment.'* 

Fig. 94 indicates the vertical and horizontal deflections of all pi])es under all 
installation and service conditions. The report sayh: “In general, the average de¬ 
flection supports the design criteria for flexible structures in coniiuon use. Ex¬ 
cessive deflection in a few cases has been checked and satisfactorily explained by 
unusual installation conditions." 

Material Durability Data 

Detailed studies of material durability are continually made by vaiious railroads 
and by Armco, independently or jointly, to see how various materials and coatings 
])eiform under different service conditions. Tla^se con<Iitions include swamps, tidal 
coastlands, steep hilly country, mine-water streams, alkali country, and many 
others. 

A typical inspection of 139 installations in 1946 on one railroad in eastern Ken¬ 
tucky included riv^eted corrugated metal pipe and pipe-arches, Multi-Plate pipe, 
liner plate, cast iron and concrete pijie. In areas of highly corrosive mine waters 
the importance of additional jirotectivT coatings was illustiated by the deteriora¬ 
tion of concrete ])ipe and rusting of plain galvanized rnetal culverts and cast iron. 

Another inspection on a mid-western railroad in 1952 included 125 structures in 
four states, with ages of ten to twenty-five years, under a wide variety of service 
conditions. Here are a few typical conclusions from the report:’* 

1. Plain galvanized jiipe twenty to twenty-five years old can be expected to 
give lifteen to twenty-five years more of service. 

2. The area most affected by corrosion is in the bottom twenty-five per cent of 
the in vert. 

3. The Asbestos-Bonded pipe inspected ranged in age from five to sixteen years. 
None of these pijies has been affected by erosion or corrosion. 

4. Until such time as signs of deterioration are evident, the expected life of 
Asbestos-Bonded pi})e is too far in the future to be estimated. 

5. Chief installation faults were grade lines too low, re.sulting in silting; inclusion 
of cinders in backfill material and installing multiple pipes too close together. 

In general, inspections are helpful in revealing the results of improper manufac¬ 
ture and installation practices and eliminating them on subsequent installations. 
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Sewer Inspections 


Inspection of Sanitary and Combined Sewers—1940, 1950 

Armco engineers have been very active in the investigation of drainage structure 
performance from the earliest inspections to the present time. Every year hundreds 
of corrugated metal drainage structures, both culverts and sewers in all ty|)es of 
service, are inspected and rated. Many of these investigations are reinspections 
of the same installations to learn if the rates of deterioration originally assigned to 
them are substantially correct for a particailar service exposure. Fig. 95. 

A review of a few of the more important investigations made during the period 
1940-1950 is given for its general interest. 

In 1940, the first com])rehensive fiehj study of the performance of corrugated 
nuital sanitary and c;ombined sewer structures was made on approximately forty- 
five bituminous coated and Paved-Invert installations in five states to learn the 
efTect of sewjige on the coating and ])aving material.^'* The coating a-nd ])aven\ent 
were found to l)e entirely unafTected by the sewage flow and were giving good pro¬ 
tection to the structures. Again in 1950, these same installations plus an additional 



Fig. 95. Inspecting sewers requires proper equipment. Here in a Wisconsin city, such inspection led 
to refining a monolithic sewer with 1 800 ft of 62-in. Asbestos-Bonded pipe. 
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200 structures representing nearly every state were inspected. The results of the 
repeat investigation indicated that the rates of deterioration originally assigned 
were too conservative. The following (juotations are from the 1950 summary:*® 

''Ten to twenty years is added to the average life of Armco corrugated metal 
sewer pipe by the bituminous coating and pavement. 

"Even much longer service life is assured by Armco Asl)estos-Bonded Pipe. It is 
definitely proving itself to be a superior sewer material because of the additional 
protection provided by the asbestos layer to the underlying galvanized coating 
and base metal. Excellent bituminous coating adhesion is another advantage. 

"In every instance the bituminous pavements were found to l)e in excellent 
condition with good adhesion to the base metal. Tins is conclusive evidence 
that sanitary sewage is in no way harmful to asphalt. 

"Sewer gases and their condensates were found to have little effect on the bitu¬ 
minous coating in the top of the f)ipe. Inspection of the galvanizing under the 
bituminous coating showed that it was always in excellent condition, thereby 
further sul)stantiating this conclusion. 

"The concentration of activ^e industrial wastes normally found in sewage is so 
dilute that premature failure of the bituminous coating and pavement from this 
source is remote.’’ 

Sewers in Salt Water Service, 1949 

A study of the performance of corrugated metal sewers in the State of Florida 
was made in 1949. Many of these structures are installed in coastal areas thi’ough 
soils containing a high percentage of decaying vegetal)le matter and are subject 
to tidal inundation twi('e daily. Even in these rather s(‘Vore corrosive conditions, 
the material performance of the installations is considered to be generally cx(H‘llent. 

The report*^’ carries the following statement: 

"Field inspection of Asbestos-Bonded installations along tlie Florida Coast and 
elsewhere show them to be giving excellent service in salt water. 

"Besides the direct attack of salt and brackish water on metals, Arrnco reseai ch 
engineers have observed other harmful conditions surrounding installations along 
or near the seacoast. Decaying vegetation may afld a(^tive cliemicals to the 
ground water flowing through low marsh lands. Oxitlation inoduces active gases 
and aggressively attacks drainage structures." 
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CHAPTER TWENTY 

Soil and Water Conditions 


Summary 

L)urMl)iIity is an essential part of economy. It slioiild ho commensurate with the 
expected service life of the structure. K^ipidly chanpiig conditions inakci it imprac¬ 
tical to anticij){ite needs beyond fifty years an<l in many cases beyond twenty or 
thirty years. Plain galvanized metal drainage struct\ires have servi(‘e records of 
twenty-five to fifty years. With the many developments in coating materials in re¬ 
cent years, the tendency is to regulate durability l)y means of protective coatings 
and pavements. 


PART ONE 

PRACTICAL DURABILITY 


How Much Durability? 

Design engineers are practical economists. They are more interested in the econ¬ 
omy of a structure than in monumental permanence. Fig. 06. 

Materials that may be expected to endure perpetually, from the standpoint of 
physical performance, may never have that opportunity in the servi(?e for wliich 
they were constructed. However, this possibility does not justify substandard con¬ 
struction on the chance that the structure may become obsolete Imfore it wears out. 
Neither can justification be found for extravagant cost to secui e visionary per})etual 
service. A material or structure that can I)e adapted to changing corKlitions may 
prove to be the most economical over a period of time. 

How long should a structure be designed to last? Is the s(u-vice temporary—a few 
days or weeks, or a few years, or fifty? How inconvenient or costly is it to replace 
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the structure if it fails or proves inadequate? Are methods available for making re¬ 
placements at reasonable cost and inconvenience? What are the methods of financ¬ 
ing maintenance and replacements? 

To establish a reasonable design life expectancy for a drainage structure, it is well 
to know the relative iin[)ortance of the roadway, its location and the possibility of 
rek)cation or obsolesc^ence due to changing traffic conditions. The national system 
of interstate highways in the United States is designed to be adequate to handle 
safely and efficiently the traffic expected twenty years from the date of construction.‘ 
However, the culverts on that system are required to be strong enough for 1120-810 
design loadings and liave a material durability of not less than fifty years. ® 

The American Association of State Highway Officials on April 1, 1046, adopter! ti 
policy concerning maximum dimensions, weights and si)eeds of motor vehicles. If 
all legislative bodies would adopt this policy, “the variation l)etween vehicle and 
road design can be reduced and uneconomic obsolescence and overdesign can be 
(•liminated to a major degree.”** 

Obsolescence problems of the railroad design engineer aie less acute due to uni¬ 
form established standards of the American Railway ICngineering Association. In 
otliei' words, there is a semblance of unified control of all ek^ments of railroad cfiuip- 
rnent such as weight, size, power, speed and other operating conditions. Xonethe- 
k‘ss, major line changes on railroads today are not uncommon, so that obsolescence 
due to relocatif)?! or a})andonmcnt may be a factor. 

UommitteH^ 2 of the American Railway Bridge and Building Association in 194S 
stated* that “the service life (for corrugated metal pipe, standard and iMulti-Blate 

*“Tyi) 0 .s of Hridpes for KcpItuaitK Timlwr Trestles.” Heport of (^)nmiittee 2, Ainericiiii 
Hailway Iiridj?e and Hnildin^ A.ssn., Hf4S. Heprii»ted in Itdihray Enyinvennu and Mainte- 
nana ’,— lt)4S. 



Fig. 97. Invert of 36-in. corrugated metal and of concrete culvert showing severe erosion and 
corrosion. Remainder of pipes are in good condition, indicating need for invert protection to give 
“balanced design." 
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type) was estimated at forty to sixty years.” Also. “The service life of (extra¬ 
strength reinforced) concrete culvert pipe was reported at forty to sixty years, or 
longer, if properly installed.” 

Sewer designers also have the problem of determining how long their structures 
sliould last. Except for those smaller communities that have ceased to grow, the ox- 
I)crience of the past half century should he helpful. Experience shows that changes 
in conditions and re(iuirements are so continuous that usually it is unwise to design 
for a period longer than fifty years. (Such things as air conditioning and garbage 
disposal were hardly dreamed of twenty-five years ago.) That is the figure used by 
many city and consulting engineers in tlieir current plans. 


PART TWO 

SERVICE CONDITIONS 


What Affects Durability 

W hereas obsolescence is an imj)ortant yet unpjedictable element \\\ the useful 
service life of a structure, there are two other factors that can l)e measured more ac¬ 
curately. These are the material and structural tlurability. (See page 150 on the 
two pathways of deterioration.) 

Corrosion is one of tlie pi iiuapal causes of material deterioration of metal structures.*’ 
Other materials sneh as concrete and wood are likewise subject to corrosion and rot, 
as well as attack by corr(»si(jn producing organisms. Corrosion of metal is basic^ally 
ail electro-chemical action in the {iresence of moisture, oxygen and soil salts or other 
chemicals. 

The following theories on corrosion are extracts from printed literature of the 
»S. Bureau of Standards® based on numerous tests of buried sjiecimens. 

“The relative impoitance of the factors that affect corrosion underground is so 
difficult to evaluate and the conditions under which corrosion occurs are so poorly 
defined that the theory is often more helpful in explaining corrosion that has al¬ 
ready taken place than it is in predicting what may be exjiected ... 

“Although a very large number of chemical elements exist in sfiils, most of them 
are combined in difficultly soluble compounds, whi(;h exert little chemical influ¬ 
ence on corrosion ... As a rule, soils containing considerable quantities of salts in 
solution are corrosive . . . 

“Tlie physical properties of soils that are of importance in corrosion are chiefly 
those which determine the aeration of the soil and its retentiveness for water ...” 

The foregoing has to do principally with corrosion in contact wdth soils. How¬ 
ever, the experience with drainage structures is that corrosion on the exterior is usu¬ 
ally of less consequence than that from hydraulic traffic on the inside. Fig. 97. 

Since the .surface water passing through a drainage structure usually derives its 
chemical constituents from the soils through and over which it flows, a general classi¬ 
fication of the primary chemically active constituents of the soil will serve as a guide 
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in judging service conditions. The major chemical classifications of soils and water 
for drainage structure service are: mineral, acid, alkali, salt, normal, arid and spe¬ 
cial. (For domestic and industrial sewage see page 170.) 

Mineral Waters 

Sulphur-bearing coal mines and certain other mining operations such as copper 
and zinc mines produce waters which are corrosive to nearly all materials normally 
used for drainage structures. This is due to the free acid or acid forming elements 
carried in the waters. Drainage from high sulphur-bearing coal strata has relatively 
the same effect. 

Fvery stream in a mining area is not necessarily contaminated with chemical con- 
stitueids that are liarmful to structures through which they flow. Investigations 
indicate that relatively few streams not actually issuing from mines or coal-bearing 
strata are so contaminated. A determination should be made at the specific stream 
in (luestion if there is doubt. \\’hcre analysis shows cont*entratu)ns of free sulphuric 
acid or the presence of tlie sulphate radical (SOi) in the water, additional protection 
is re(;ommended for corrugated metal and concrete. 

Acid Waters 

This cliissification encompasses many of the conditions mentioned above. In 
addition it refers to aggressive waters caused by contamination with organic acids 
present in marsh and swamp land and other locjutiotjs where vegetable matter is de- 
caN'ing in (|uantities. Tlie generally unstable nature of organic aends causes them to 
be diflicult to identify l)y laboratory analysis. Such conditions are often found with 
soft and unstable foundations and thev tend to increase the difficulties of drainage 
construction. * 



Fig. 98. Twin Asbestos-Bonded culvert under Missouri River levee south of Omaha, Nebr. The levee 
is incomplete here. 
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Additional protection for all drainage structure materials is recommended when 
they are to be used in this type of exposure. 

Alkali Soils and Waters 

‘^Alkali” is a rather vague term when used to describe certain salts present in 
many of the arid and semi-arid soils of the western section of the United States. The 
word was originally used to describe the adverse effect of these salts on the ability to 
raise agricultural crops on these soils. 

Alkali regions are generally classified as being white or black; the former usually 
contains sufficient quantities of sulphates, or carbonates which on evaporation leave 
a white deposit on the surface of the ground. The black alkali-sodium carbonate- 
does not leave this white “snow” upon evaporating. 

The white alkalis, particularly the sulphate, deteriorate ordinary portlarid ce¬ 
ment concrete quite rapidly. Drainage structures made of this material normally 
fail to provide satisfactory service in the presence of this soil type. Tlu so Jilkalis will 
also attack the zinc coating on metal pipe much more rapidly than does normal soil. 

The bla(;k alkalis and the chloride-salt alkalis are injui ious to underground sti uc- 
tures of both metal and concrete. These alkalis are much less common than the 
white alkalis. 

Where soil is known to be highly alkaline, additional protective coatings for all 
drainage structures are recommended. 

Salt and Salt Marsh 

In sea water the chlorides arc primarily responsible for the coiTosion of metal, 
wliile certain magnesium salts are thought to cause deterioration of cr)ncreto. The 
chemical deterioration of concrete in sea water is accelerat(‘d by the nuathanicral dis¬ 
integration resulting from alternate wetting and drying and frost action in cold 
climates. All ordinary culvert materials exposed to sea water should carry additional 
protective coatings. 

Normal and Arid Conditions 

Normal soil conditions an* prevalent in the greater Mississi|)pi Wiley a]*ea and 
the eastern states in sections removed from the effects of coastal conditions. Many 
areas in the western Ignited States can be classified in this (‘ahigory. Pei’centage- 
wise, the normal areas are considerably greater than the more sevei’c ai’cas men¬ 
tioned above. In normal areas no additional proteettion to tlie ordinary diainage 
structure is required for the material to have a reasonable life ex[)ectancy. 

The arid and semi-arid regions with annual rainfall of 20 in. or less, except in the 
alkali soil locations, are even more favorable than the normal condition for long life 
exj)ectancy of drainage structures. Much of the eastern slo[)e of the lloctky Moun¬ 
tains illustrates this region. Galvanized corrugated metal culverts install(‘d in tluise 
normal, arid and semi-arid regions will have a great many years of life expectancy. 

Cinders 

Occasions arise when it is necessary to install drainage structures in cinder con¬ 
taminated eml)ankments. Cinder fills are very corrosive to metal and (concrete, 
especially when they are in direct contact with the .structure. Considerable protec¬ 
tion can be ol)tained by placing a 2 to 3-in. layer of sand, gravel or clay around the 
outside of the structure before backfilling. 
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Fig. 99. Interior of Armco storm sewer installed at Pocatello, Idaho in 1914. Note perfect structural 
condition. 


PAHT THREE 

SEWER SERVICE CONDITIONS 


SiowMHs, ill addition to encountering the various soils and exterior service condi¬ 
tions described in tlie preceding, Part 2, are subject to the action of the “hydraulic 
traflic/’ they carry. Therefore, special consideration is given here to sewers. 

Sewer Types 

Sewer systems are classified as separate or combined, de[)ending on wliether storm 
water and sanitary sewage are carried in the same conduit or separately. 

A storrfi sewer cari ies storm and surface water and street wash, exclusive of domes¬ 
tic and industrial wastes. The water is little if any more coriosive than rural water¬ 
shed runoff. Erosion by the hydraulic traffic may be a factor. Fig. 99. 

A sanitary sewer is designed to carry domestic sewage and the discharge from com¬ 
mercial and light industrial plants. The general nature of fresh sanitary sewage is 
usually slightly alkaline or neutral and usually well-diluted.^ Hence, in any well de¬ 
signed and normally maintained .sanitary sewer sy.stem, if the velocity of flow is 
sufficient to carry tlie sewage to its point of disposal before putrefaction proees.ses 
begin, tlie prolilem of corrosion is minimized. 
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In older sewers, where flow is sluggish or stagnant due to incorrect design or be¬ 
cause of low points caused by settlement in grade, putrescible organic material may 
accumulate. In such cases, if the temperature and the concentration of sewage ai e 
sufficiently high and the atmosphere deficient in oxygen, bacterial action will take 
place and “sewer gases” will be released. If bacterial action takes place in the pres¬ 
ence of high sulphate waters, hydrogen sulphide gas (H^S) results. 

This gas, in sufficient quantities, can be fatal to humans. When combined with 
moisture and oxygen in the atmosphere of the sewer, it forms sulphurous or sulidui- 
ric acid, both of which are very corrosive. Corrosive atta(;k of this type occurs above 
the water line of the sewer. Where possible, sanitary sewers should be designed with 
adequate velocities to avoid deposits of any solids. 

Combined sewersy common in many communities, have the advantage of dilution 
and flushing by occasional storm waters. Some sanitary sewers are designed for 
periodic flushings. 

Industrial wastes may be handled in sanitary or combined sewers, or in some cases 
are handled in sewers built especially to cope with highly corrosive wastes. Although 
hydrogen-ion concentration (pH) determinations of domestic sanitary sewage have 
little significance, they are helpful in studying the corrosive nature of tannery, pick¬ 
ling, plating, refinery or other industrial wastes.’ In fact, many governmental agen¬ 
cies have in recent years adopted ordinances regulating the minimum and maximum 
pH of industrial wastes to prevent damage to sewer installations. Control of the pH 
values is also important to the efficient operation of sewage treatment plants.*^ 
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CHAPTBk TWENTY-ONE 


Durability of Metals and Coatings 


PART ONE 

CORRUGATED METAL STRUCTURES 


T.ahouatohy and field mctliods of Lletermining durability of drain materials were 
descril)ed in Chapter 1(i, Research on I)ura})ility, })a^e 14<S. Tlie conclusion was 
thjit actual service records of structures serving under conditions like those for the 
])roposed structures are the best means of designing for durability. 

I<\vrroiis metals arc given a protective metallic coating l)efore installation in 
drainage struc'tures. A tiglitly adhering coating excludes the elements essential to 
coirosion, namely air, moisture, soil salts or other (4iemicals. Once this coating 
is removed, cori’osion is accelerated. Service conditions are impoi'tant, but the life 
of the metal depends also on its com|)osition, uniformity and its gage (thickness). 
Th(* invert of drainage structures is where sevvice is usually most seveie. In Multi- 
IMate pipe and |)ipe-arclios, tlie gage of the bottom |)lates may l)e made hea\ ier 
than on the sides and top in order to give eciual or l)alanced durability. 


TABLE 21-1 CHEMICAL COMPOSITION OF BASE METALS 
BY LADLE ANALYSIS 
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Fig. 100. Installed in 1907 under the streets of an Ohio city, this 36 and 39-in. Armco storm sewer is on 
excellent example of service rendered by plain galvanized metal. Close-up shows tight rust in invert. 


Base Metals 

Coi metal pipe (standard riveted and MuIti-PIat(‘) and other fahricatt'd 

metal products aie made fj’om ferrous metal sheets or plat(‘s. Th(‘se terrous base* 
metals are made by the open-hearth process and conform in chemical propv'rties 
to one of the classes listed in Table 21-1. 

Galvanized Coatings 

Corrosion of metal is a .sar/acc reaction. Protectinp; or treatiiif!; that surface' is 
a loj»:ical method of combattim; such reaction and thereby Kivini; lousier life. Com¬ 
mon j)ractice for many years on underj^round and abov’e^;round .striictures has 
been to use a zinc coating (|i;alvanizin|i;) on ferrous base metals, both because of 
its etTectiveness and low cost. The Kalvanizinjj; not ordy dire'ctly protects the 
underlying iron or steel, but by virtue of its electro-chemical nature, it sacrifices 
itself an<l protects the ba.se metal at scratches in the coating?. This behavior is 
unlike that of nickel, chromium, tin, coj)per or lead coatings on steel or iron. 
These metals, beinj; lower in the electro-chemical series, t(*nd to accc'lerate the 
corrosion of exposed areas of iron or steel where expo.s('d. The sacrificial (dTect of 
y:alvanizinj>; is illustrated by the fact that where sheets are sheared or punched 
after galvanizing, the raw edges have no influence on the service life of the struc¬ 
ture.* 

The life of a galvanized coating (2 oz per s(i ft total on })oth sides of sheet) in 
normal intc'rmittent culvert flow conditions may be a decade or more. Where not 
subject to erosion and flow, it may last indefiiiiU'ly. 

Many })lain galvanized corrugated metal pipe culverts and .sewers have under 
normal conditions given uj) to forty-five years of .satisfactory service. Fig. 100. 

*“It is impossible to find any ca.se in whiidi the life of the pipe is decreascnl due to these 
ungalvanized shearecl edge.'s.” Prr)c. of the Amer. Hailway IOiir. Assn., 1943, Vol. 44, p. (>98. 
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Fig. 101. Cutaway section of Paved-Invert pipe showing how smooth bituminous pavement protects 
the bottom of pipe where greatest wear occurs. 


This is in oxcoss of tho original (‘stiinatod (l(‘sij]i:n lifo of thirty-six yoars (for in^ot 
iron), hasod on tho uniform ratinp; scliodules doscrihod in Chapter Ih. 

Rirommcndnimti: AVIiere a drMina|»e structure is subject to normal intermittent 
flow, and tlie soil and water are not particularly corrosive, a pi}>e with galvanized 
coating' is usually economically sjitisfactory, as [)roved by many field ins])ections. 

Non^Metallic Coatings 

Where a metjd structure is completely ac(’essible, its life may be prolonged in¬ 
definitely by repeated paintinj!; or coatinj»:. A\'here not accessible, as in the case 
of many culverts, sewers and drains, the coating must be applied before installa¬ 
tion. 

Bituminous coatings are i)referably applied over a galvanized coating as addi¬ 
tional protection against corrosion. Such a coating “insulates” tlie metal from its 
environment. T(' b(» effective, this type of coating must adhere well to the under¬ 
lying metal. Materials generally used consist of asi)halts, tars, rul)ber and plastic 
compounds. 

Paved-Invert Pipe 

Field inspections (Chapter 17) show that where ercTsion is a serious factor, struc¬ 
tures such as culverts and sewers genemUif wear out in the bottom or invert whereas 
the upper three-fourths may remain in gcxul condition. In order to jirotect the 
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l) 0 tt()in against erosion and to give it a well-balanceil design, a heavy bituminous 
piiveiiient was (leveloped by Armeo ei^gineors. (192())* 

tyiien used on corrugated metal piiw, this pavement fdis the valleys of the corru¬ 
gations and covers the cre.sts a minimum of J^-in. to provide a smiHith, tough 
wearing surface in the invert. This is known as Paved-lnvert pipe and is avail¬ 
able in diameters up to 90 in. The pipe alxive the pavement may or mav not be 
bituminous coated. Fis. 101. 

Recommendation: lor streams oarryinp silt, sand, gravel or other erosive mate- 
rial, or having a continuous flow, the Paved-lnvert extends the life of the pipe 
many years. 

Asbestos-Bonded Pipe 

Bituminous coatings and pavements in tlie invert have added measurablv to 
the service life of galvanized corrugated metal pij)e.“* To fm tlier incre.aso the dura¬ 
bility, especially under more severe corrosive conditions, Asbestos-Bonded metal 
pipe was develo])ed by Armeo enginm-s. It is suitable for culverts and other 
drainage structures in highly corrosive areas, and for sanitary and industrial sewers 
wheie the effluent may be extremely corrosive. It is also suitable for uses wlnne 
extra long life is desirable.**' 


I'JIDMINOUS MAltRIAl 



Fig. 102. Cross-sectional drawing of 
Asbestos-Bonded sheet showing how 
asbestos fibers are imbedded in the 
galvanized coating to provide o per¬ 
manent bond for bituminous coating or 
pavement. 


The make-up t^f Asbestos-Bonded sheets is illustrated in Fig. 102. The bond¬ 
ing is accomplished by pi’essing inert, rot-proof asb(*stos fibers into the molten 
metallic zinc coating during the manufacture of the sheet. The fibers thus become 
imbedded in the zinc as it solidifies. The sheets are then |)assed through sj)ecially 
designed e(jui|)ment that thoroughly saturates the mass of fibers witli a l)ituminous 
material that is compatible with non-metallic coatings which may l>e added later. 

After the excess saturant is sejueezed out, the sheets are corrugated and formed 
into ])ipe. Further treatment of the pipe may consist of a non-metallic seal coat 
or asijhaltic coating and a paved invert of the same material. 

Recommendation: For severely corrosive conditions such as highly a(*id soils, mine 
drainage, tidal drainage or certain industrial wastes, the use of Asbestos-Bcjnded 
pipe is recommended. 
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Cathodic Protection 

Because corrosion is an electro-chemical process, it can be combatted by using 
a ‘'sacrificial anode” in the process to divert corrosion from the structure to be 
protected. There are two variations of cathodic protection. One, called the gal¬ 
vanic method, is a natural battery action between metals based on their relative 
positions in the electro-chemical series. The other, known generally as the im¬ 
pressed current method, requires an external source of current.'* 

Oorrosion of steel pipe lines and other large structures is sometimes counter¬ 
acted by means of cathodic protection. Sewers or culverts in corrosive areas are 
protected with a bituminous coating. This provides insulation between the in¬ 
dividual pipe sections and permits only short electrical circuits as compared with 
those possil)le in long steel pipe lines. Cathodic protection is therefore seldom, if 
ever, used for sewers or culverts. 


PART TWO 

MISCELLANEOUS PRODUCTS AND 
SERVICE CONDITIONS . 


Subdrainage, Water carried in a subdrainage s.ystem is usually from under¬ 
ground sources. It is filtered and ordinarily not corrosive, nor does it carry erosive 
sediment. Moisture and temperature conditions inside the subdrain are fairly 
constant. 

Matei ial duiability of the i)ii)e used is therefore usually a minor factor in the 
design of a sulMlrainage or underdrain system. On the other hand, structural 
strength, the Jibility to maintain tight joints, and adeciuacy of the layout under 
changing service conditions are much more important. 

Plain galvanized metal pipe has l>een entirely satisfactory on many subdrainage 
installations for over twenty-fivt* years, with many years of useful life remaining. 
For localized areas where corrosive or erosive conditions are known to exist, bi¬ 
tuminous coated subdrain pipe is recommended. 

Metal End Sections. Being attached to the ends of culverts, storm drains and 
spillways, metal end sections are readily acce.ssible. They may be of the same gage 
or of a lighter gage than the conduit, and are ordinarily supplied with a standard 
2-oz galv'anized coating. This assures ample durability. 

Bin-Type Retaining Walls. Metal retaining walls are supi)lied with a galvanized 
finish. W here soil or atmospheric conditions are known to be corrosive, the units 
comprising the wall may be furnished of Asbestos-Bonded metal. Galvanized 
bolts are used and these may be painted with asplialt. 

Liner Plates. W here used as a tunnel lining or temporary lining to be backed 
up or covered with other materials, bare metal plates of adequate strength are 
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used. For permanent linings or conduits, the plates may be hot-dip galvanized 
or may be asphalt coated either directly on the bare metal or over a galvanized 
coating. 

Sheeting. Steel sheeting or sheet piling used as temporary sheeting or cofferdam 
work is generally pulled and re-used. Alaterial durability is less of a factor than 
structural strength. However, for permanent dams, cutoff walls and the like, the 
sheeting may be galvanized or biturniimus coated, or both. 

Guard Rail. Most guard rail is painted to increase its visibility for warning pur¬ 
poses. Therefore, instead of being galvanized, it is given a mill coat of paint primer 
to prevent rusting until it can be installed and painted. 

Gates. Water control gates are usually of cast iron, cast steel or structural steel, 
and are treated witli a bituminous coating. Small irrigation gates are of galva¬ 
nized sheet steel. Whei*e corrosive conditions are likely to interfere with the proper 
seating of the gate, bronze facings and other parts are commonly used. 
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SECTION FIVE 


ECONOMIC FACTORS 


CHAPTER TWENTY-TWO 

Installation Costs 


Through the joint efforts of ensineors, contnietors and manufaeturors, construc¬ 
tion nu'tliods and materials arc hein^ constantly improved. l^sj)ecia.lly sij:!;ni(icant 
is the increase of “])re-enj 2 :ineered’' and prefabricated strmdnies, with conse(iuent 
reduction of on-tlie-job labor. This has a three-way effect. (I) It jijives factory 
controlled (piality under more ideal working*: conditions. (2) In reducing: design 
and inspection time, it enabk's the engineer to concentrat(‘ on the Iarj»er f(\‘itur(‘.s 
of his job. And (3) althouj»;h the j)roduct cost is probably hij»:her, the installed 
cost may be less than fully field-constructed structures. V\^. KKl 

An accurate ai)i)raisal of related economic factors is of utmost importance in 
the i)ro])er selection of methods and materials from the wide vjiriety available to¬ 
day. Dependable cost data enable tlie enj!;ineer to (lesi^:n (‘conomically and esti¬ 
mate accurabdy. This permits the contractor to l)id competitivady and r(*alize the 
|)rotit which his investment and risk justify. By balancin^i; tlie costs of alternabi 
methods and mateiials a^;ainst the ends to l>e achieved, the maximum of s(U’vi(!e 
j)cr construction dollar to be expended can l)e rejdized. 

Scope 

Costs will vary in different sections of the country and even from jol) to jol) 
dependin^i; on soil, water, w eather, labor efiicienev, wa^e sc.ales, topo^;raphy, design 
standards and consti-uction ])ra.ctice. Therefore, even when costs are given in ma¬ 
chine and man hours, they are of value only when accompanied by a descaiption 
of the conditions a])|)lying to that |)articular job. 

Average costs, of value in making general comparisons, are likely to l)e mislead¬ 
ing if aj)i)lied to a s])ecific jol). Unit prices bid on |){ist work likewise are a j)oor 
basis for bidding future work unless tempered by judgment, e\ 7 )erience and some 
know ledge of the circumstances aj)plical)le in each case. 

In view’ of these limitations, this chapter is d(‘voted i)?incii)ally to a g(‘neral 
analysis of the various cost factors that collectively make up the total installed 
cost of the ])rodurts described in this handl)Ook. By irdating these factors to tire 
materials or structures inv'olved and also to current local ])rices and |)i’a(;tic,es, their 
relative economy can be generally determined. 

Where ai)proximate estimating figures are given on items directly applicable 
to the products described herein, they are in the form of man hours to permit the 
application of prevailing labor rates. In each ca.se, such man hour figures imdude 
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direct labor only. No provision is made for insurance, supervision, overhead, 
equipment, profit, etc. The man hour figures, based on records of typical jobs, 
are given as a range between liigh and low (;ost jobs rather than an average of all 
jobs. Whether the high, low or an intermediate figure will apply to a j)articular 
job will depend on the size of the job, working conditions, amount of equipment 
used, efficiency of local labor and other factors which of necessity will require the 
judgment of the estimator and his knowledge of applicable conditions. 

Cost Items Included 

The true first cost of any structure is the sum total of all the items involved in 
readying it to [)erform fully the function for which it is intended. In general, the 
total cost is made up of all or part of the following items: 

1. Material cost 

2. Engineering, including design and inspection 

3. Transpf)rtation and handling 

4. Excavation and backfill 

5. Removing old structure 

G. Placing new structure 

7. Replacing traffic surfa(;e 

8. lOquipment and tools 

9. Supervision, overhead, contingencies and insurance 

10. f )etours and slow orders 

11. Miscellaneous factors 

a. lOffects of weather 

b. Dewatering trench ' 

c. Special foundation [)reparation, piling, cradles, etc. 

Afiditional factors, not part of the first cost, are maintenance and salvage v.alue. 

While some of tlie al)ove items apply more particularly to the installation of 
drainage structures, all that are applicable to a given situation or structure, need 
to be considered in an accurate cost appraisal. Maintenance and salvage value 
have little effect on the original installed cost, but are often important factors in 
the cost of the service rendered by a structure and therefore merit thought in the 
final selection from the alternates under consideration. 

7. MiMtmrial Cost 

Material cost or the purchase price often is taken as a measure of the final cost. 
Obviously, this is unsound. A material is not a structure until it recei\Ts ail of 
the openitions necessary to adapt it to the requirements of a given situation. On 
this basis, a material could well have the lowest purchase price, yet liave the high¬ 
est finished cost when ready for service. 

For example, the material costs of a structure comi)letely asseml)led on the job 
site will probably l)e considerably less than a comparable j)refahricated, i)re-engi- 
neered structure. However, the difference in the cost of assembling ami })lacing 
will often prove the prefabricated structure the moie economical on a completely 
installed basis. 

2. Bnginooring one/ inspoefion 

The cost of engineering, including design and inspection, should be considered 
in figuring over-all costs even when not chargeable directly to a given jol). With a 
large selection of functionally-designed factory-produced materials available to- 
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Fig. 104. Concentric nesting of corrugated metal pipe at Guelph, Ont. plant shows how large quan¬ 
tities can economically be shipped by rail or truck. 


(lay, it is often possible to select a pre-cnsineered structure which meets the exact 
re(|uirements. \Mierc this is i)ossil)Ie, (lesi^i;n costs are reduced, because such a, 
structure is built under carefully controlled factory conditions, inspection is less 
costly than for a structure wliich is coinpU^tely constructed at the job site. By usiiifz; 
such a structure, many time-camsiiminK details are avoided and engineering^ time 
is made available for other im|)ortant functions. 

3. Transportation and Handling 

The cost of getting materijds to the job site is determined princif)ally by weight, 
bulk, distance involved, methods of transportation available, and ac(;essibility of 
the job site. By custom the loading, unloading, reliandling and lueakage (of fragile 
materials) are usually included in this item. Transportation (‘osts are a factor even 
when prices are quotecl f.o.b. dcistination, b(^cause in such event, the transportation 
charges are included in the ciuoted price. Often, the manufacturer’s volume and 
nature of the material make special equipment practical. By using smrh e(iui|)ment 
and avoiding unnecessary rehfindling l)y delivery direct to tlie point of use, the 
supplier’s transportation costs may be lower. 

Railroad Freight 

Freight charges vary according to the weight of the material, distance and the 
freight classification, with weiglit usually being the most inijxjrtant factor. For 
heavy massive materials, the load capacity of a freight car is tfic controlling factor. 
This is also true of matei ials with a light unit weight l)ut designed so the individual 
sections can be nested. Fig. 104, or made into compact l)undles. Multi-Plate pipe, 
arches and pipe-arches, corrugated steel sheeting ami Flex-Beam guardrail are typical 
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Fig. 105. Vast quantities of corrugated metal pipe, and Multi-Plate, were "airlifted" to speed the 
construction of the Quebec, North Shore and Labrador Railway to the Iron ore deposits in northeastern 
Canada. 


of inatorinls fjiHinjz: into tlio latt(‘r class. For lisht-weiglit l)ulky materials, the 
euhie (■a|)!i(*ity of the frei^;ht ear is the limiting element. 

Since freight charges vary with weight, substantial freight savings can l)e made 
by tlu* selection of light-weight materials. 

Hauling by Truck 

1 lu' cost of truck transportation is alTected l)v the following fa(*tors: 

1. '^ryjK*, condition and ca|)acity of the vehicle 

2. Length and time of liaul 
a. In traflic 

1). On open road 
c. Over job site 
'L (\mdition of roads traveled 
•1. Depreciation on the vehicle 
T). Accessibility of tlie job site 


Tlie common measure of truck hauling costs is the ton mile. It is recognized 
because of the diversity of conditions affecting the factors listed aLove, there will 
lie considerable variation in ton mile costs. However, once the rate is established, 
the cost of transportation by truck is proportionate to the weight of the material. 
Typi(‘al weights are given in the following table. Table 22-1 and Fig. 105. 

4. Exeavafhn and Backfill 

hAcavation is an item of major importance in the installed cost of many struc¬ 
tures. Because of the wide variation in types of soil encountered and equipment 
used, no attem])t will be made to give typical costs on this item. 

However, there are a number of general factors .which .should receive careful 
consideratiem. Hand v<*rsus macliine methotls is one of them. Because of higher 
lalx)r costs, together with increa.sed efficiency and greaka mobility in excavating 
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TABLE 22-1 APPROXIMATE WEIGHTS OF VARIOUS PIPE 
Pounds per lineal foot 


Diam. 

in 

Inches 

Corr. Metal Pi p< 
Plain Galr. 
Pii'f ted 

('onercte ('itlr. 
Pipe^ ASTM 1 
(' 76-41 Stand 
Str. 4‘^0(} psi. 

(\ist Iran\ 

' Jinr.i 

(lass 

Kx. Str. Vit. 
(lapt 

12 

10.5 

79 

91.7 

55.5 

15 

13.0 

in 

— 

89.5 

18 

15.5 

131 

175.0 

IKl.O 

24 

25.5 

217 

279.2 

21S.0 

30 

31.0 

324 

400.0 

311 

30 

51.5 

435 

515.S 

")05 

•12 

00.5 

501 1 

710.0 


48 

()8.5 

727 



51 

100. 

887 



()0 

no. 

10()4 



72 

150.5 

1532 



84 

180.5 

2085 



m 

212. 

290() (3500 psi) 




♦rroiM (’onciotc' I’lpc Ilandhook, Hir>l. 
tFroni Ila/wlhoolv of ('a.st Iron 
Jl rom jiuhlished litoratuiL*. 



Cubic Yardi Per lineal Foot 


Fig. 106. Chart showing excavation quantities and comparative trench widths for corrugated metal 
and rigid pipes of equal inside diameters. 
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equipment, machine methods are more economical for most jobs. Where the 
amount of excavation is small, and equipment is not retjuired for other purposes 
such as placing? heavy materials, the cost of moving a machine to and from the 
site could more than offset the savings it would make possible. 

On small jobs where hand methods are employed or on long lines such as sewers, 
water mains, etc., one factor is the width and depth of the trench, which is often in^ 
fluenced by the type of pipe used. Fig. 106. Where excavation and backfill costs are 
on a cul)i(; yard basis, the use of a pnaluct which recpiires less excavation may be an 
important factor. For example, data on pipe cover requirements for airfields pre¬ 
pared by the U. S. Engineers (see page 136) permits lower heights of cover and con¬ 
sequently less excavation and backfill for corrugated metal pipe than for the rigid 
types of drains. In the case of subdrains where a pervious backfill is often required, 
the saving in special backfill due to a narrower and shallower trench is an additional 
factor to be considered. 

Sheeting of an exca vation is an added detail w^herc it is reejuired by safety regu¬ 
lations or where .soil conditions, lack of .space, or cost will not permit an excavation 
with sloping sides. For information on sheeting see ]>ages 389- 396. 

Preparing Bed 

In the installation of culverts and longer pi])e lines, tl)e cost of preparing the 
bed to grade, dei)ends upon the soil, sloi)e, size, type and weight of the structure, 
the length of the individual sections, and the type of joints used. Hence, the cost 
of f)reparing the l)ed is usually considered as a s(*pMrate item. If a material is 
available in long lengths, has a uniform cross section, and a high beam strength 
it is not necessary to grade every foot of the trench accurately. If, however, the 
material is in short .sections with enlarged joints, greater care is recpiired and the 
cost of bed j)re|)aration is greater. 

5. Rmmoying Old Structurm 

The cost of removing an existing structure, when that is necessary, will depend 
largely on the tyj)e of structure involved. Generally speaking, the cost of removing 
a structure originally made uj) by the field assembly of smaller prefabricated units 
will be much less than that of a heavy monolithic structure which must first be 
broken up. Prefaln-icated materials can often be salvaged and used in anotlier lo¬ 
cation. In .some cases, particularly with drainage structures, it may be possible to 
avoid the expense of removing an old structure which has proved to be of adecjuate 
size but not of jideciuate strength by threading the new structure through the old 
(.see page 465 on relining). 

6. Placing tha Naw Struefura 

The cost of placing the new structure will vary with the type of structure and 
the installation method used. The choice between hand and machine methods is 
determined largely by the unit weight of the material or its component parts, the 
availability and cost of suitable equipment, and the quantity of material in the 
job. As a general rule, where quantities are .small, a material which can be placed 
by hand will cost much less to install than one requiring equipment. On larger 
quantities, the same rule may apply, although the unit savings may be reduced 
because more efficient use is made of the equipment. Fig. 107. 

Where the same equipment may l)e used for both excavating and hanrlling ma¬ 
terials, those materials requiring the minimum time for placing will make more 
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Fig. 107. Moderate size equipment can economically handle large sections of pre-assembled metal 
structures. 


marhino hours available for evcaA'atiou, which is usually the pace setting opera¬ 
tion for the job. 

For some types of structures, such as those of monolithic f*oncr(‘te, the cost of 
placing is a largo portion of the installed cost. The skilled labor re(iuir(‘d for build¬ 
ing forms, setting steel, eciuipment operation, etc., although usually inchnled in 
the unit prices for both concrete and steel, are the basic reasons foi’ the high cost 
of placing ^juch structures. In direct contrast, the <‘ost of placing pr(‘fabii(‘ated 
materials with only a small amount of unskilled labor is a comparatively small 
portion of their total cost. Higher labor rates accentuate this basic dilTorenct; be¬ 
tween field assembled and prefabricated tyi)es of materials. 

A substantial item of expense sometimes occasioned by the time recjuired in 
placing structures is the delay due to lack of coordination of various operations. 
With eciuipment increasing in size and cost, its contirna^d, uninterruj)t(*d opera¬ 
tion is essential to over-all job economy. The possibility of costly delays can be 
leduced by the selection of matei’ials that can be placed (piickly and which rerjuire 
n() extended curing period before the\ are usable. 

Laying, Lining and Joining Pipe 

On long lines such as .sew'ers and stream enclosures, the cost of Laying, lining ami 
joining pi])e is an important item and one which oiTers oi)portunities for elTecting 
economies through the choice of materials. Ih’imary factors affecting this item 
are the length of sections, their weight and the type of joints. Obvicaisly, long 
light-weight sections such as are available in corrugated metal i)ipe can be placed 
at a lower cost because of their ease and spet^l of handling and few(*r joints re¬ 
quired, as compared w'ith heavier materials available only in shorter lengths. The 
availability of different type.s of joints, which permits selecting one most suitable 
to the conditions at the job, can be a factor in reducing costs. 
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In suhdrain construction, which normally recjuires pipe of small diameters, the 
lorj|^, light-weij!;ht lenjuths of corrupited metal i)ipo tof^other with the positive 
joints make it possible to join the pipe on the surface prior to lowering in the trench. 
This permits the use of a narrower trench with less excavation and consequently 
l(‘ss s[)ecial |)ervioiis backfill material. 

The effect of the above factors on the costs of laying, lining and coupling corru¬ 
gated metal f)ipe is best reflected in unit bid prices submitted on similar types of 
work. See Fig. 108 and Table 22-2. 

Estimated man hours of direct labor only rerpiired to lay, line and join corru¬ 
gated metal pipe range from .01 to .05 man hour per lineal ft per ft of diameter. 

Example 1: 

Assume 30-in. diam. standard corrugated metal [)ipe in 20-ft lengths to be 
installed under good working conditions. Select a value of .02 man hour per 
lineal ft ])er ft of diameter to lay. line and join the j)ipe. 

Solution: .02X20X 1.0 man hour for 20 ft 



Fig. 108. Comparison of average unit bid prices on rigid’and flexible pipe installed. From data 
compiled by San Francisco Dist., U. S. Corps of Engineers, from Jan. to June 1953. Published in 
Engineering News-Record, October 8, 1953. 
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TABLE 22-2 UNIT BID PRICES FOR PIPE INSTALLED, PER LINEAL FOOT 
Far West, Jan.~June 1953 Average 


Corrugated Metal Pipe 


Pr in forced (^oncrete 
Pipe 


uumeier 
in Inches 

No. 




.\\). 





of 

Jobs 

High 

IjOW 

.4 rerage 

of 

Jobs 

High 

Low 

.4 rerage 

fO 

12 

.S0.05 

*2.!>7 

$4.00 

5 

$5.33 

$1.93 

$3.52 

12 

62 

0.00 

2.50 

3.01 

57 

8.48 

2.13 

4.38 

15 

21 

0.71 

3.03 

4.37 

30 

9.07 

3.02 

5.18 

18 

89 

7.75 

3.20 

4.02 

1)5 

12.90 

3.00 

0.25 

24 

70 

10.52 

4..58 

0.40 

00 

14.75 

5.31 

8.22 

30 

41 

14.08 

0.08 

8.12 

00 

17.53 

0.15 

! 10.84 

30 

49 

20.33 

9.25 

12.20 

42 

! 20.78 

10.22 

1 13.94 

42 

11 

22.29 

11.45 

15.35 

20 

1 20.00 

j 

11 75 

1 15.88 

48 

25 

24.33 

13.50 

17.14 

30 

1 32.48 

10.21 

22.27 

51 

11 

38..50 

17.00 

25.83 

7 

30.93 

21.10 

27.40 

00 

00 

! 5 

I 1 

20.00 

18.34 

22.55 

32.27 

12 

! 12(i8 

23.50 

32.48 

72 

7 

51.17 

i 

27.83 

30.77 

12 1 

09.38 

37.32 

1 

00.70 


From Kngiru crin/j X ciCK-Pt n»r<l, Oct. S, p. 205. 


Exam pie 2: 

Assume TS-iii. diam. coated and ])av(‘(l corrnizitittvl metal pipe in 20-ft leiijj^ths 
to he installe<l under fair working conditions Select a vtilue ot .03.) mtin hour 
to lay, line and join. 

4s 

Solution: .0.3.oX20X^^ = 2.8 man iKnir for 20 ft 

Assembling MoIti-PIafe Structures 

Multi-Phite ])ipe, arches and ])ipe-arches retjulre field assemhly hy l)oltiiiy; of 
curved plates (see pa^e 440). Such assemhly costs vary with the siz(^ of the joh, 
conditions at tlie jo}> site and tlie equipment used. hert; the (pijintities involved 
are sulxstantial, the work will he expedited hy the use of some type of power lift¬ 
ing e(|ui})ment and power wrenches. On smaller jolts, simple lilting e(piipment, 
.such as an A frame with cliain falls or block and tackle* and hand \vr<*nches are 
sufficient. In either ca.se. only unskilled labor is reepiiied for the actual assemltly. 

\Miere working conditions are suitable, the structure (‘an lx* (*re(d,(Ml in itlaia*. 
If water or other conditions make this impo.ssihle, the sti ucture* may he assembled 
on the hank and rolle<l or lifted into place. In some cases, structures aie assembled 
at a central point where laltor and equipment are available and then hauled to the 
joh and i)laced as a unit. 

The commonly used unit of measurement in computing as.semhly costs for 
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Multi-Plate is man hours of direct labor per plate ft. For rough estimating pur¬ 
poses this ranges from 0.25 to 0.50 man hour per plate ft. The total number of 
plate ft in a structure equals the number of plates required to make the ring, 
multiplied by the total length of the structure in ft. 

Example: 

Assume an 84-in. pipe 50 ft long. What is the installation cost in man hours 
of direct labor? 

Solution: An 84-in. pipe requires/o7/r 21 pi wide plates to make the ring. 

The number of plate ft in the structure is 50X4 = 200 

Assume 0..3 man-hour per plate ft 

Then 0.3X200 = 00 man hours 


Strutting 

On large diameter pipe where fill heights require it, field strutting (see page 413) 
is part of the installation costs. Field strutting may be required for either standaid 
riveted pipe or Multi-Plate pi[)e, which is assembled in the field. Riveted pipe may 
be shoj) strutted, eitlaa’ by wire or rods, the cost of which is included in the pur¬ 
chase |)rice of the pipe. Direcd. labor only recpiired for strutting will range from 
0.09 to 0.14 man hour per linear ft of pipe per ft of diameter. 

7. Replacing Street Road or Track Surface 

Where the installation of culverts or drains recpiires the removal of street, road 
or track surfaces, the cost of replacing the surface is an important item and should 
be included in the total cost. Such costs, together wit,h more intangible items such 
as inconvenience to traflic and possible loss of trade or business, should be taken 
into account in the consideration of alternate methods and materials, which would 
not involve disturl)ing the surface or require future maintenance. 

8. Uie of Equipment and Tools 

The savings and s])eed resulting from the application of power equipment make 
its use increasingly necessary in the interest of over-all economy. The extent to 
which etiuipmeiit should be employed is determined by conditions of the individual 
job. Although modern construction equipment increases efficiency, it is expensive 
to own and operate. iMpupment expense can be reduced l)y the selection of mate¬ 
rials that will reciuire the minimum of machine time for handling and other oper¬ 
ations. 

Regardless of the extent to which ecpiipment is employed, it is important from 
a cost ac(*ounting standpoint tliat the actual ex|)ense be charged to the particular 
o])eration on which it is used. ITnless this is done accurately, distorted and un- 
lepresentative costs will result. This observation applies to small tools such as 
picks, shovels, form clamps, etc., as well as major pieces of equipment. 

9. Cost of Detours 

The construction or replacement of smaller drainage structures, particularly on 
highways or streets, was once a common cause for detours. Fig. 109. However, 
engineers cognizant of the heavy increase in traffic, now avoid the expense and in¬ 
convenience of detours wherever possible by the. selection of methods and mate¬ 
rials that either avoid detours entirely or at least keep the time they are in effect 
to a minimum. 



INSTALLATION COSTS 


189 



Fig. 109. Long*time detours for replacement of small drainage structures are not in the Interest of 
safety or public good will. 


A coinniori method of constructing? openings under highways and railroads is the 
Arinco jacking method of installing corrugated metal pipes for culverts, conduits, 
etc. (see page 455). Wheic conditions are not suitahle for jacking, or a larger stnuv 
ture is reciuired, tunneling with Armco liner plate also provides a solution whitih 
does not interfere with tniflic (see i>age 462). The same (lesira.l)le results can he 
achieved for smaller openings Ity utilizing boring equipment (sec page 460). 

Often the need for a complete replacement with the attendant detour can he 
avoided hy threading a new structure inside the old l)efore failure has become too 
far advanced (see page 465). 

With many types of structures, it is often possible to install one half at a time, 
thereby permitting at least one-way traflic. Sometimes it is possible to completely 
place the new structure under or within tlie old, thereby closing the road only for 
the short time required to remove the old structure and l)ackfill. In some cases, 
the old structure can be utilized as a ramp for backfilling operations. 

If, however, a detour is necessary, the actual cost of providing it should be 
charged to the improvement. Detour costs will usually include: the cost of con¬ 
structing a temi)orary structure or putting a road in condition and marking it, 
maintaining the detour in a serviceable condition and the extra operating exi)ense 
to traffic. While this third item of expense is borne by the public and cannot 
therefore be charged to tlie job, it should l>e considered as an imi)ortant item in 
the selection of alternate methods. 


Slow Orders 

Closely akin to detours are slow orders required on railroad construction. Since 
slow orders represent a direct expense to the railroad, the total cost of construc¬ 
tion is made up of the installation cost plus the increased operating cost during 
the construction period. The elimination or reduction of slow orders by any of the 
methods referred to above under ‘‘detours” will therefore result in reduced over¬ 
all costs. 
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70 . Supmrvision and Ovnrhnad 

Other factors being equal, materials which are simple to place or install will re- 
(juire less supervision than those of a tnore involved nature. Shortened construc¬ 
tion time also reduces overhead—a major item on any construction job. In the 
interest of accurate (^ost accounting it is important that each phase of the project 
l)c chaiged with its true share of these items. It is ordy l)y doing so that a realistic 
evaluation of the comparative economy of alternate materials and methods can be 
determined. 

7 7. Mnemfianmous Factors 

Weather can be an important factor in affecting costs. Some materials require 
protection from freezing weather. If so, such protective measures should be in¬ 
cluded in their total cost. Floods and other emergencies often cause additional 
exi)ense l)y loss of formwork or other damage. The choice of materials w'hi(;h 
can l)e installed quickly and which by their nature are less susceptible to damage 
will reduce such hazards. Some operations like tunneling or jacking pi})e are car¬ 
ried on largely undeiground and are therefore less affected l)y weather cf)nditions. 
For this reason, they aie well suited to winter us(‘ and offei* work for cievvs released 
from operations of a more s(*Msonable nature. 

Depending on soil conrliti(»ns and water table levels, dewateiing an excavation 
can l)e a major item of expense. The expense of cofferdams, well })oints. |)umj)ing, 
etc., can often be eithei- (‘liminated or r(‘diiced by selecting a nuiteiial that can 
either be as.sembled on the bank a.id placed as a unit or which is of such njiture 
that complete dewatering of the excavation is not ]e(|uii‘ed foi‘ jiroperly placing 
the matei ial. Fig. 110. 

AVhere foundation conditions an* not the most suitable, substantial economies 
can often be made by selecting a material which will either eliminate or reduce tlu* 

r 



Fig. 110. Firsf of two 1 2*ft dlom. pipes 1400 ft long pre-ossembled on the bank and then launched 
into place. U. S. Engineer job at McChord Field, Tacoma, Wash. 
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Fig. 111. Placing a metal end section on corrugated metal culvert in Minnesota is quickly done with 
a shovel and wrenches. 


TABLE 22-3 TIME REQUIRED TO INSTALL METAL END SECTIONS 


Roan 

(1 Ripe 

Ripe 

-.1 rek 

Diani. in 

Man 11 our a 

Span .r Rise. 

Man Honrs 

1 nrfu’fi 

per End 

in Inrhes 

per End 

12 

0.71 



J5 

o.ss 

IS.xIl 

0.05 

IS 

1.03 

• 22 X 13 1 

0.74 



2r)xH; 

0.03 

24 

* ].(il 

20 X IS 

1.32 

30 

3.0S 

30 X 22 

2.18 

3() 

4.03 

43 X 27 

3.50 

42 

0.33 

50x31 

4.00 

48 

7.38 

58 X 30 

5.57 



05 X 40 

7.24 

1 


72 X 44 

0.00 


Based ofi cost studies in Middle West where end .-sections are used 
extensively. 

Include.s only direct labor and .supervi.sion on following operatiori.s: 
handlin^r at site, preparing Ix'd, attaching t«) culvert, lamping a/id 
grading (hut not sodding), and traved time to and fnnn job and be¬ 
tween installation sites. 


iieefl for special bedding;, piling, cradles or c>thor foundation work. For examj)le, 
because it meets these requirements, |)aved and cotited corrugated metal pipe is 
widely used for openings through flood control levees. Furtht;rmore, it ctin be se¬ 
curely jointnl together and can be in.stalled on a camber to tdhjw for unequal 
settlement. 


Culvert End Finish 

The total cost of a culv^ert installation should includt? the cost of headwalls or 
other end treatment that may be required for proper, maintenarnre-free perform¬ 
ance. Headwalls are neces.sary with some culvert materials to jirevent jtrogiessive 
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undermining due to scour at the outlet end or prevent separation of the sections 
because of transverse pressures. The cost of such headwalls should be included 
in making an economic comparison with a material of such a nature that head- 
walls are not essential for satisfactory service. 

Tlie Arrnco End Section was designed for those locations where some form of 
end finish is necessary with corrugated metal pipe to provide the improved appear¬ 
ance, lack of obstruction to mowing and snow removal equipment, protection from 
erosion and other requirements of modern highway design. It is a factory assem¬ 
bled unit that is quickly attached in the field to provide a complete culvert instal¬ 
lation. Fig. 111. Representative man hours of direct labor recpiired to install sec¬ 
tions leased on the average experience of contractors in a state where they are 
specified in large quantities are listed in Table 22-3. 

Bin-Type Retaining Walls 

The total cost of i)lacing an Arrnco bin-tyi)e retaining wall will vary considerably 
witli the amount of excavation required, working conditions and availability and 
type of backfill as they apj)ly to individual jobs. However, once exc^avation is 
completed, direct lal)or re(iuired for the actual erection of the wall will be affected 
largely by the* following factors: working conditions, amount of wall to be erected 
and labor efficiency, Othei- factors being equal, the unit costs for erecting a larger 
wall should be less than for a smaller wall. Estimated man hours of direct labor only 
for fine grading the foundation, and erection exclusive of backfill will range from 
0.2 to 0.4 man hour per sq ft of facial area. Fig. 112. 



Fig. 11 2. Assembling of bin-type retaining wall in Texas, large walls can be installed at a lower 
unit cost than small walls. 
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InstallaHon Costs for Guardrail 

The cost of installing guardrail will vary considerably with the tyi)e used. A 
beam type rail which requires no spccijil brackets for attaching to })osts or special 
end anchorages will requiie less labor than a tension type rail. Post spacing and 
the type of posts used are also factors. 

Because of the above variables together with the (]uantity involved, actual direct 
man hours required to place ])osts, erect guardrail and paint on a number of re|)re- 
sentative jobs ranged from 0.4 to 0.9 man hour per lineal ft of laying length. This 
lai)or estimate applies only to Flex-Beam Guardrail. lOnd anchorages and other 
appurtenances required with a tension type rail would normally re(}uire additional 
labor. 

Maintenance is an important factor in the over-all cost of guardrail protection. 
Generally speaking a beam type guardrail which will permit the easy removal 
and replacement of damaged secitions will cost less to maintain tlian a tension 
type of rail where the entire line can be affected by an impact at one |)oint. 

Maintenance 

Maintenance items iiudude those operations necessary to keep a structure in 
sei viceable condition after the original installation is completed. Wliile such items 
have no effect on the first or installed cost, they do contribute to t]i(» cost of the 
service |)crformed by the structure. Therefore, estimati'd maint(Mia.n(^e costs for 
structures of various types is an important factor in the final selection. For ex- 
ami)le, railroads are reducing operating costs substantially l)y eliminating the 
maintenance costs of trestles by replacing them with (nilvcats and fills. The 
same is true on highways where many ol)soIete structures are being rei)la(^ed with 
underfill structures which require little or no upkeep. 

Salvage Value 

Tlie service cost of structures not adaptable to relocjition or extension is often 
incieased by changing conditions which make it impossible for them to serve their 
normal life ex])ectan(\y. 

All construction is subject to constantly changing (conditions. For example, 
many highways, adeciuate for the traffic of only a relatively few years ago, need 
to be wideneii and relocated and structures strengthened and lengthened to meet 
modern needs. 

No one can anticipate accurately what changes may bec^ome necessary. How¬ 
ever, future losses due to obsolescence can be either eliminated or reduced l)y se¬ 
lecting materials which can readily be extended or otherwise adaj)ted to changing 
conditions, or salvaged and moved tcj a new location. Use (jf under-fill structures 
will provide a margin of safety for live Icjads of the future. 




Fig. 113. Because of the many variables in runoff from precipitation, the design of drainage struc¬ 
ture sizes is still an approximation. Corrugated culvert and end section in Yosemite National Park. 
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DESIGN PRINCIPLES AND 
PRACTICES 


CHAPTER TWENTY-THREE 

Hydrology 


Summary 

Hydrology deals with precipitation and runoff; hydraulics is the science denliuK 
with the flow of water. Fi^. 114. This handl)ook is ccjjk'cmiumI with the (‘ontrol and 
disposal of water in order to protect en^;ineerin^ works nnd pro|)(‘rty in ^eneial. 

The vagaries and variables of |)recipitation (weath(‘r) ar(‘ better known than 
understood. Researcli continues and progress is being made, but the (hdnrmina- 
tion of adcfiuate floodways and culvert and sewer sizes is still more a- matter of 
engineering judgment than of science. 

Various factors are herein discussed and formulas given for d(?termining the 
amount of flow to be ex])ect(‘d. Methods are indl<*ated on how to fl(^sign the vari¬ 
ous culverts, sewers and a])purtenances to handle that flow (economically. It should 
be em])hasized, liowever, that with the pn'sent state of knowl(*dge, all nmthods of 
computing sizes aie only an a|)pro\imation. Fig. 1 l.‘k 

Current Studies 

How mucli, how fast, and how frcMpicntly water r('ach(*s his structure's, are fpK's- 
tions the engineer must answer before he can propea ly design tliose structures. (iaging 
stations have l)een (jstablished at about fl.OOO locations in the UniUul States to 
measure rainfall and stream flow, and tr> determine the magnitude and frecjuency 
of peak fl(jods. Yet relatively meager iriforniati(m is available for designing the 
smaller structures. 

Few highway dei)artments, municipalities or railways have established hydro- 
logic and liydraulic departments to make the studies that are ne(*essary if design 
of culverts and other drainage structures is to be more oxac^t. However, some of 
these groups along with governmental agencies and educational institutions are 
carrying on much-needed research in this field. 

In addition to routine gagings and meteorologic records, studies are being made 
on: runoff from small drainage areas; hydraulics of curbs and gutter inlets and 
gratings; hydraulics of culverts and their entrances and outlets; flow in open chan¬ 
nels; erosion and silting; and many other related hydrologic and hydraulic factors. 
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Fig. 114. The hydrologic cycle—showing where water comes from and where It goes.—From M. G. 
Spangler's "Soil Engineering." 


The theories of statistics aod of pro!)al>ility are hein^ employed in hydrolo^j;y 
to an increjisinj»; extent, jnst as in business, agriculture and other pursuits. 

Statement of the Problem 

There are two methods of determining tlie ro(iuiied size of a drainaj»;e 

structure: 

1. If a structure exists at oi* near the sit<^, make a study of its adecpiacy over a 
period of ten to fifty years—the longer the bettei’. Stud\' of structures up¬ 
stream and downstream will likewise l>e lielj)ful. 

2. Based on rainfall records for the watershed and foi- an assumed fr()(]uency, 
use an empiricail or rational formula to deUuinine the peak rate of runoff and 
how (piickly it will reach the site. 

Some empirical foinuilas ^ive the size of waterway o|)enins directly; others de¬ 
termine the amount of flow from whicli the size is computed by hydraulic formulas. 

Rainfall Distribution or Intensity 

Precipitation is caused by some ty|)e of atmosph(*ric disturl>ance oi- storm. Rain¬ 
fall is measured in total inches of depth either for a ^iven stoi ni or time i)eriod, or 
at the rate of so many inches an hour during a storm. Tal)les 28-1 and 23-2. 

Frequency and amount of rainfall vary widely from month to month, from year 
to year and even within a given area for a single storm. There is an element of 
error if only a few scattered gages are read. Isohyetal ma[)s are used to show e(pial 
depths of precipitation (much the same as contour lines show equal elevations). 
Fig. 115.» 
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TABLE 23-1 WORLD'S GREATEST OBSERVED POINT RAINFAUS 


Duration 

Depth 

in 

Inches 

Station 

Dale 

1 min 

0.05 

Opid’s Ctimp, Calif. 

Apr. 5, 1920 

5 min 

2.-I8 

Porto Btdio, Paiiamji 

Nov. 29, 1911 

8 min 

4.9() 

Fii.sseii, Bavaria 

Mav 25, I!)20 

14 min 

3.95 

Galveston, Te.v. 

June 4, 1871 

15 min 

7.80 

Plumb Point, Jamaica 

Mav 12, 1910 

20 min 

8.10 

C'urtea-tie-Arses, R< aiinania 

July 7, 1889 

40 min 

9.25 

(iuinea, Va. 

Auk- 24, 1900 

42 min 

12.00 

Holt, Mo. 

Jun(‘ 22, 1947 

1 hr 

10.00 

Cat.skill, X. Y. 

1 Jtib' 20, 1819 

1 hr, 20 min 

11.50 1 

Campo, (’alif. 

I Auk. 21,1891 

2 hr, 10 min 

19.00 

Boekport, W. V^i. 

1 July IS, 1889 

2 hr, IT) min 

22.00 

D’Hanis, T(‘x. (17 miles \ .\\\ ) 

i May 31, 1935 

3 hr 

10.00 

Concord, Pa. 

.Auk. •'>. 1^43 

4 hr 

23.00 

Bas.seter(‘. St. Kitts, West Indit's 

Jjin. 12, 1880 

4 lir, 30 min 

30.8-1- ! Smtdhpnrt, Pa. 

July 18, 1942 

12 hr 

20.58 

Baguio, Philippiiu* Islands 

July 15, 1911 

15 hr 

34.50 

Smet hport, Pa. 

July 17-18, 1942 

18 hr 

30.40 

Thrall, T(*x. 

S(‘pt. 9, 1921 


Hourco: Monthly Wont,her Review, Jsui. lltoO, p. A. \' . S. Weather Hureau, WashinKion, 
T). (\ ' 

Note: Maxiinuin recorded I’. S. point rainfall for 207 first-order stations in the R. S. for 
periods of 5 ruin, to 24 hrs. can be found in Technical Paper No. 2, April 1047, of the IJ. S. 
Weather Bureau. 



Fig. 115. Uohyetal mop of 
storm of May 10-11, 1942, 
near Lincoln, Nebr. Contours 
indicate areas of equal rain¬ 
fall.—From E, E. Foster’s 
"Rainfall and Run-off." 








198 


DESIGN PRINCIPLES AND PRACTICES 


TABLE 23-2 MAXIMUM RECORDED U. S. POINT RAINFALLS 
In Inches 


Minutf'K Hours 



5 

10 

lo 


m 

j 

U 

Hismarck, N. Dak. 

0.75 

hlO 

1.10 

2.31 

3.07 

3.35 

3.70 

Hosfoii, Mass. 

0.50 

0.01 

1.12 

1.45 

1.80 

2.45 

0.04 


0 03 

1 01 

1 33 

1.80 

3.15 

3.07 

5.00 

( Tiarlcsfon, S. (’. . 

0.03 

1.05 

1.51 

2.42 

4.11 

0.04 

10.57 

(’hicaf^o, Illinois. 

0.()4 

hll 

1.31 

1.81 

2.81 

3.07 

0.19 

(*incinnali, Ohio. 

0.81 

1.45 

1.02 

2.57 

2.63 

2.85 

5.22 

(’leveland, Ohio. 

0.7S 

1.20 

1.40 

1.81 

1.05 

2.25 

4.07 

Denver, ( x)Iorado. 

0.01 

1.30 

1.51 

1.72 

2.20 

2.54 

0.53 

Detroit, Michigan. 

0.80 

1.40 

1.80 

2.44 

3.00 

3.80 

4.75 

llelenji, Montarui. 

0.17 

O.til 

0.70 

0.84 

1.00 

1.34 

3.07 

Iiuliafiapolis, Ind. 

0.83 

1.30 

2.00 

2.05 

3.20 

3.27 

0.80 

Key West, Florida 

0.05 

1.03 

1.52 

2.08 

4.30 

7.00 

13.54 

Knoxville, 'renn. 

0.58 

i 0.00 

1.37 

2.0 i 

3.52 

3.57 

0.20 

hit fie Hock, Ark. 

0.03 

1.01 

1.35 

1.02 

2.42 

i 3.23 

0.58 

hos An^ek's, ( olil. . 

i O. N 

( 

O.tiO 

0.81 

1.12 

1 

1.51 i 

I 1.00 

1 

7.30 

New York, N. 

i 0.^5 

1.20 

1.03 

2.34 

2.18 i 

I 3.50 

0.40 

Omaha, Nebraska . . 

i 1.00 

1.4J0 ^ 

1 1.8(i 

2.32 

1 2.(i2 

! 3.17 

7.03 

Phoenix, Ariz. 

i 0.13 

0.01 

0.80 1 

hit) 

1.41 

2.20 

■1.08 

!*orlla,n<l, Ore^con 

0.10 

0 70 

0.‘d3 

1.10 , 

1.31 

1.74 

7.00 

Saint Paul, Minn.. 

O.til 

1.01 

1.33 

2.13 

2.()0 

3.00 

5.00 

Salt hake ( 'if v, htali . 

0.10 

1 

0.00 

0.82 

1.25 

1.02 

1 .(>3 

2.72 

San Aiitonio, Texas 

0.77 

1.22 

l.(i2 

2.38 

3.07 

l.tiO 

7.08 

S;in Francisco, ( ’idil. 

0.33 

0.51 

O.tio 

0.83 

1.07 

1.20 

4.07 

S.’inl.’i Ke, Me\. 

0.10 

0.fi2 ! 

1 0.77 

1.03 

i.lO 

1.05 

2.83 

Spokane. W ash. 

O.lti 

0.72 ! 

' O.Sl 

0.83 

1.02 

1.00 

2.22 

Topeka, Kans.. , 

0.07 

1.08 ^ 

1.4 1 

2.21 

3.27 

1 3.82 

8.08 

Vickshurjj;, Miss.... . 

0.S3 

' 1.20 

1.41 

i 2.32 

3.11 

4.17 

7.00 


Soun-o: I'. S, Murc.iu TiM'lmiml I’mixt X<>. 2, \N D. April ItMT. 

availiihW* «h» 2U7 first-or<lor slalions. 

Ifi'conis fnun cooponitivo stations in many states are rounhly (loul)l(‘ those of first-order 
station muxiinnin reciirds. 


An oiiKinoor dosi^ninji; hirpic hridsns or flood control works is int(Mcsf(*d in storms 
rov(M inj» larjje areas and Listing for luairs an<l days. On llic otluM* litind, in dosif^n- 
ing culverts and storm sewers, the enj^ineer is mainly interested in the rainfalls of 
hiji;h intensity of short duration- from five minutes to two hours, or the time 
necessjiry to retich a itetik or sustained flow. Fiu;. 110. 

Th(' time retjuired for a raindrop from the remotest ptirt of the w.ah'rsluMl to 
refich the culvert or sewer is called the “time of conciMitration." This time element 
is needed if dcsijj;ninj; is to he done hv the so-called rational method. It can l)e 
determined by such a simple method as droppiiijj: paper confetti into the headwater 
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TABLE 23-3 AVERAGE PRECIPITATION IN THE UNITED STATES 


Ai'i rngr Precipitation in Inches 


City 

Jan.~ 

Mar. 

A pr.- 
Jimc 

./ uly- 
Sept. 

Oct.~ 

Dec. 

Annual 

Bismarck, N. Dak. 

1.55 

0.00 

.5.2(i 

1.93 

15.40 

Boston, Mass. 

9.8fj 

9.85 

9.41 

9.05 

38.70 

Cairo, Illinois. 

12.5:i 

11.89 

9.13 

10.10 

43.05 

(Charleston, S. C. 

8.93 

10.10 

19.89 

7.07 

45.99 

Chicago, Illinois. 

(>.1() 

10.03 

9.15 

0.84 

32.72 

Cincinnati, Ohio. 

1 ().()(> 

11.23 

9.90 

8.09 

39.34 

(vleveland, Ohio. 

7.00 

9.19 j 

9.33 

7.38 

33.50 

Denver, Colorado. 

2.22 

5.S9 

3.87 

2.22 

14.20 

Detroit, Michigan. 

(i.03 

9.42 

8.31 

0.0 r 

31.03 

Helena, Montana. 

1.04 

4.03 1 

3.07 

1.90 

11.30 

Kev West,, IHoridji. 

4.75 

9.23 

14.9t) 

lO.eS 

39.52 

LittU‘ Hock, Ark. 

11.03 

13.41 

9.10 

10.81 

47.38 

kos Angeh's, Calil. 

8.11 

1.50 

.31) 

4.04 

14.54 

N(‘\v 'i'ork, N. . 

10.15 

10.43 

12.25 

9.20 

12.03 

Omaha, Nebraska. 

3.04 

i 9.41 

9.(>2 

3.83 

25.90 

Portland, Oregon. 

11.45 

5.92 

2.80 

10.08 

39.91 

Saint Paul, Minn. 

3.37 

9.(i3 

8.5(i 

4.04 

25.00 

Salt Lake (/itv, Ctah. 

1.18 

1 .4.58 

2.28 

4.47 

15.81 

San Antonio, Texas. 

5.51 

9.74 

7.20 

5.42 

27.93 

San Francis(U), Calif.' 

9.35 

1.82 

.13 

0.13 

17.43 

Spokane, W.ish. 

1.52 

3.20 

1.78 

5.42 

14.92 

\'icksl)urg. Miss. ! 

10.01 

12.37 

8.44 

12.21 

49.03 


Source: From Monthly Normul TennixM-alures, I’recipilation ami Dcutcc Days. ItulhMin of 
the U. S. Weather Hureau, Washington, C. 

Normals based on dO-yr period, 1921 tlirough 1950, adjustetl to represent ob.«,ervations 
takcMi at the present station location. 

—. . ■ m 

'v 



Fig. 116. Th« designer is inter* 
esfed in the time required for 
water from all parts of a wa* 
tershed to reach a culvert or 
a given point in a sewer. 
Photo shows relined sewer of 
egg>shape. 
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TABLE 23-4 TIME OF RAINFALL CONCENTRATION FOR 
TYPICAL AGRICULTURAL WATERSHEDS IN ROLLING COUNTRY 


*Sizf‘ of 
Watershed, 
in Acres 

Time of 
i Minimum 
('once. Hired ion, 
in Miitulcs 

1 Size of 

Watershed, 

' in Acres 

7'ifne of 
' Minimum 
Concentration, 
in Minutes 

1 

1.4 

100 

17 

3 

3.0 

200 

23 

5 

3.5 

300 

29 

10 

4.0 

400 

35 

20 

4.8 

000 

47 

30 

8.0 

800 1 

()0 

50 

12.0 

10(K) ' 

75 


(liiriiij? p(M i()(Is of rairifjill. As an alternative, a survey can he made to determine 
the V(*loeity of flow in various sections and channels of the waterslied. 

Values of times of concentration for ty|)ical ai^iicultural watersheds in rolling 
country are given in Table 2d-4. Tliese are based on a large number of runoff 
measurements on small agricultural areas over a period of twenty years or more by 
C. M. Hains(*r, U. S. I)(*partm(‘nt of Agriculture. They api)ly to watersheds witii 
about 5 ft of fall p(‘r 100 ft and a length about twice tiie [iverage width. 

The time of concentration will be shorten’ for ])aved or graded areas where “slieet 
flow” occurs and in ditches and gutters as compared \\ ith cultivated land. 

Rainfall Frequency 

The (’ngine(*r is interested not only in knowing the i>eak flow but how often it 
occurs. Kor economic reasons he may not be justified in designing for an intensity 
of rainfall that may occur only once in fifty or 100 years. The greater the intensity 
of rainfall, the less fr(‘(|uently it will occur. Accompanying charts. Figs. llS-12r‘' 
an* typical of fifty-six charts showing rainfall expectancy during brief time periods 
once every so many years. 

Siipjaise the engineer wants to determine the maximum rainfall to be 
expected on a watershed near Des Moines, Iowa, once every five years. The time 
of concentiation is estimated at ten minutes. On the upper left chart in Fig. 119, 
th(‘ rainfall in Iowa would be interpolated at al)out 0.7 in. or 4.2 in. an hour. On 
a once in fifty years basis, it would be about 1.2 in. or 7.2 in. an hour. 

Tin* curv(*s in Fig. 117 re|)reseni average conditions in the United States east of 
the Rocky Mountains a!id are of interest as showing the relation between tlie 
intensity of storms of various durations and their average frequency of recurrence. 

Runoff; Watershed Characteristics 

Having determined the rainfall expectancy, the second step for the designer is to 
estimate what port io?i of it must be handled as surface runoff. Watershed charac¬ 
teristics that govern the amount and rate of runoff are: 

1. Kind and extent of vegetation or cultivation. 

2. Condition of soil—dry, saturated, frozen—retentive or repellent. 

3. Steei)ness and length of slopes. 
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TABLE 23-5 VALUES OF RELATIVE IMPERVIOUSNESS 

Ti/pe of Surface Factor "I'' 


For all watertijrht roof 8arfac<*s. 

For asphall runway pavcinoiits. 

For con(*rc‘t<' runway pavements. 

For Rravel or macadam pavemen's. . . . 

*For imp(‘rvious soils (heavy). 

*For imp(‘rvious soil, with turf. 

*For slijrhtly pervious soils. 

*For slightly pervious soils, witli turf. . , 

*For modoratc'ly pta vious soils. 

*For modernt('ly pervious soils, with turf 


.75 to .tl5 
.SO to .tlo 
.70 to .tK) 
.35 to .70 
.-U) to .05 
.30 to .55 
.15 tt) .10 
.10 to .30 
.05 to .20 

.00 to .10 


*For slopes front to 2% 


A. Size and shape of watershed. 

5. Niiinher, arrjingemeid. slope and condition of drnintige ehtinnols on the 
w.atershod. 

Ttihle 23-5, above, gives values of ndative ini])ervioustte.<s. 

The elijinges of land use during tlie lifetime of a drainage structure may inenaise 
the eoeflieient of runolT as much as 50 to 100 ju'r cent. UiinolT eharaeteristies may 
vary widely e\’en for watersheds which are in eh»sc proximity to each otlier. 

REFERENCES 

1. “H/iinfall and Itunoff.” l)v hidgru K. 2. '‘Hainf.all In tensity-Fretpauicy Data,” 
Foster, The McMill.-m (’o.', New York, by I), b. Varnell, ihiblimt ion‘No. 20-1, 

10 IS, 487 pp. This Ijook has a 200 item Ih S. l)<*pl. of .Vgrieultiire, 1035. 

bibliogr.aphv. 



Fig. 117. Relationship between intensity of storms and their frequency of recurrence.—From Journal 
of Agricultural Research, 1927. 
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Once in 25 Years Once in 50 Years 

Fig. 118. Inches of rainfall during 5-minute period to be expected once In 5, 10, 25 and 50 years.—U. S. Dept, of Agri. Misc. Publico. No. 204, 1935. 




hydrology 








Fig 120 Inches of rainfall during 30 minute period 
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Fig. 121. Inches of rainfall during 1-hour period. 


CHAPTER TWENTY-POUR 


Design of Open Channels 


I^KFORK (lesij;riinK culverts and other drainaj^e structures, it is well to consider the 
design of ditches, flutters and otlier clianncls in which the drainajre structures may 
he placed. 

A bjisic hydraulic formula developed hy Cliezy for determining^ the flow of water 
particularly in open chann(‘ls is written as follows: 

V=c\/HS Q=AV and Q = Ac\/J^ 

in which: 

Q = dischar>^e in cu ft per sec 
A = cross-sectional area of flow in sq ft 
F-mean velocity of water, in ft per sec 

r = a coeflicieiit of roughness whose value depends iq)on th(‘ character of surface 
ov^r which water is flowing 

„ 111 - secti(m 

/c = mean hvdraiilic radius in ft = , . 

wetted penm(‘t(‘r 

*S = slope, or ^rade in ft per 100 ft 

This fundamental formula is the basis of most capacity formulas. 

Manning’s Formula 

Manninj^’s formula, published in ISOO, jjivi's the valu(‘ of r in the (Miezy formula 


c- /?“ 
n 


the cornpleU* Ma-iminp; fonmda bein*^; 


and 


in which: 


n 


Q = A ' ■■''"'’/flS’i 
u 


iS = slope in ft per ft 

/? = hydraulic radius in ft 

n = coefficient of rouj;hness (see Table 24-1) 

The accomjianying charts, FijJis. 122, 123 and 124 give the discharge, depth and 
velocity for various bottom widths, and for various flat side slojics. Intermediate 
values may be obtained from additional cliarts or may be interpolated. The 
reader is also referred to capacitj^ tables in King’s ‘‘Handbook of Hydraulics’’; 
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Fig. 122. Flow in triangular channel. 


U. S. Bureau of Reclamation Hydraulic and Ivxcavation Tables; and J. B. Brown, 
U. S. Dept, of Aj»riculture and IJniv. of Calif. lOxtension Service, “Hydraiili(; 
Elements of Trapezoidal Cliannels.” 

Safe Velocities 

The ideal situation i.s ojie where the velocity of water will cause neitlier .silting 
nor erosion. Fortier and Scobey* j)oint out that there is no su(;h sharp line of de¬ 
marcation, l)ut it is believed there is a distinction between ditch Itottoms that ha ve* 
aged or seasoned and other types of ex|)osed .surfaces, lable 24-2 gives the allo\N- 
able velocities for canal l)eds aft-er aging. 

It ^^’iIl he noted that streams transporting sand, gravel or rock fragments are 
more erosive than clear water or water carrying colloidal silts. 

’•‘"Permissible Canal Velocities,” by Samuel Fortier and F. .S. S('ol>ey in Iloport of the 
Special Committee on IrriK?ation Hydraulics, Trans. .XSCF. Vol. 1920. 





0 l 2 3 4 5 6 Rough 7 8 9 

■< 2 > • - * - •.. • —-•-'--» 

^ 0 2 4 6 8 10 12 Smooth 14 16 18 

Velocity, Feet Per Second 

Fig. 123. Flow in trapezoidal channel 3 ft wi:le. 


TABLE 24-1 VALUES OF H FOR DITCHES 


TjfiH of Lining n (M(uinin</^ 

Ordinary rarth, smoothly graded. .02 

Sod, depth of flow over (> in.. . . . .04 

ul, d<‘pth of flow under fl in. .Oti 

ype A riprap, rough. .04 

Oonerete paved gutter. .010 


From Ohio M.vdraulie Treatise. IU47 
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General Design of Side Ditches 

Side ditches alon^j; a roadway serve to intercept surhu'e wat(*r from the roadway 
and (in cut sections) from the backslo{>e. In snow country, llie sidr* ditch prf)vides 
storage space for fallen or j)lowed snow. Side ditches aie oi limitrvl value* in lower ing 
the ground water under a roadway. 

Where side ditches are ol)jectional)le or un.safe, it may he desirahle to pave the 
ditch, use a stream enclosure or storm drain, or place an intervening guanirail. 

Ditches are usually V-shaped or trapezoirlal. The V-flitch can he made and 
maintained with a ])lade grader. While such maintenarn^e may he satisfactory on 
unimportant roads, proper erosion prevention measures and grassing of tlie ditch 
bottom makes blading ol)jectionahle. The traijezoidal dit(;h is a more natural 
sha[)e and has greater capacity. 

Tlie depth of small roadside ditclies is usually 12 to 24 in. or more below the 
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.slioulder (hoc hi^lnvay cross-sections, page 251). If a pervious l)ase extends the full 
width of the roadway, the ditch bottom should l>e at least several inches lower. 

Capacity of a ditcdi (;an l)etter be increased l)y widening than by deepening the 
channel. In that way veKjcity and erosion are reduced. 

Cautionarff Note: The rlesign of side ditches cannot be exact and therefore some 
allowance should be made for rum-uniformity in cross section and slope, silting, 
erosion, ol)structions and other factors which may change during the life of the 
roadway. Fig. 125. 

In studying various handbooks and textbooks on hydraulics, one cannot fail 
to be imirressed by the great array and (complexity of hydraulic formulas. There 
is little agreement oven on the basic formulas as they ai’e afrplied to experiments in 
the laljoi'atoiw or in tin? field under uniform and closely controlled conditions. 
C’onse(|uently, under* ordirrary conditions in the field, with numerous variables, the 
errgineer sliould settle on a few simple formulas and use them constantly enough 
to fuM^ome ac(jiiainted with the various (toefiicients and other factors which will 
give him reasonabl(^ results over* moderate periods of time for the locality served. 


TABLE 24-2 COMPARISON OF LIMITING WATER VELOCITIES AND 
TRACTIVE FORCE VALUES FOR THE DESIGN OF STABLE CHANNELS 
Straight Channels After Aging. Canal Depth, 3 Ft 



1 

For (Ivar Waitr 

WaferTrans porti fuj 
('olloiiial Sills 

M ah'rial 


Vclociln 

'rrar(irr*\ 
Force i 

Vclociln 

Tract ice* 
Force 



ft /see 

lh/s<ffl i 

It/see 

lh/s(f ft 

l''inc sand colloidal. 

0.020 

1.50 

0.027 

2.50 

0.075 

Sarnlv loam noncolloid;d. 

.020 

1.75 

.037 ; 

2.50 

0.075 

Silt loam noiKtolloidal. 

.020 

2.00 

.048 ; 

3.00 

0.11 

.Mluvial silts noncolloid.al. 

.020 

2.00 

.048 ; 

3.50 

0.15 

Ordinary firm loam. 

.020 i 

2.50 

.075 i 

3.50 

0.15 

Volcanic ash. 

1 .020 1 

2.50 

.075 ! 

3.50 

0.15 

Stiff clav very colloiilal. 

■ .025 ! 

3.75 

.20 : 

5.00 

0.40 

.\Iluyial silts colloidal. . 

.025 

3.75 i 

.20 

5.00 

! 0.40 

Shidcs and hardpjins. 

.025 1 

(i.OO i 

.07 

0.00 ! 

! 0.07 

Fine graved. 

(iradi‘d loam to (’obhl«‘s when non- 

.020 

2.50 1 

1 .075 ! 

5.00 i 

0.32 

colloidal. 

.030 

3.75 

.38 1 

5.00 

0.00 

(Ir.'uh'd silts to cobbh's wlum colloid;d. 

.030 i 

4.00 ' 

.43 i 

5.50 

0.80 

Coarse gravel noncolloidal. 

.025 1 

4.00 1 

.30 ! 

0.00 i 

0.07 

(V)bbl(*s and shingl(‘s. 

.035 : 

5.00 1 

1 

.01 

i 

5.50 ! 

] 

1.10 

[ 


Tjit>lo is from “Prt)Kros.s Iteport on lU'siilts of Studies on DosiKii of Stable ClianneLs," U. S. 
Bureau of Korlainatitm, Report No. Hyd-352, 1952, 00 pp. 

♦“'I’rartivo foree” or shear is the force which the water exerts on the periphery of a <*hannel 
due to the motion ot the water. The tractive values shown were computed from velocities 
Kiven l)>- S. Fortier and Frt‘d i'. Scol)ey and the values of n'shown. 

The tra<rtive force values are valid for the given materials regardle.s.s of depth. For depths 
greater than 3 ft, higher velocities can Imj allowed and still have the same tractive force. 

















DESIGN OF OPEN CHANNELS 


211 



Fig. 125. Side ditches and entrance culverts should be adequate to provide free flow and should 
not endanger the roadway. 


TABLE 24-3 ANGLE OF REPOSE OF COARSE, NON-COHESIVE MATERIAL 


M alerial 

1.1 mjl<' <fj Ur pose 

} .1 uthorihj 

Urmarhn 

(rravcl. 

30 

' Anderson 

3 l-i»er eenf voids 

(iravcl. 

30-48 

American Givil 
I*inj 5 in(*ers INa'ket- 
i hook 

Hound lo angular 

(i ravel.' 

39-48 

ILankine’s A{)pli(‘d 
Meehanies 


(Iravel or soil. 

37 

Mass(‘v 

I)rv 

C'ohhles. 

39 

Massey 

Dry 

(iravel. 

31 1 

1 Paa swell 


Shiri^le and gravel. 

35 48 i 

Traulwine 1 


Dense sand and snivel. 

34 i 

Plummer and Do?'e 


(iravel. 

30 -48 

IJrciuhart 

Hound lo angular 

(jmv(‘l I 2 ill. 

25'' 1 

(ioodrieli 


Gravel 34 in. 

19' 1 

(Goodrich 



Source: Bureau of Heclaiiiat.ioii. 1952. 












CHAPTER TWENTY-riVE 


Theory of CriHcol Flow 


The flow of water in a pipe with a free outlet, and with a slope sufficient to create 
no backwater effect, is based on well-established hydraulic theory, and is controlled 
by the “critical velocity” and the “critical section.” 

This can best be explained for a conduit with a rectangular opening. Assume a 
square box with the upstream pond water surface at the same elevation as the top 
of the inside of the box. (See Fig. 12f>.) If we consider a free discharge of the box 
into the atmosphere, and if we consider the friction as being negligible, there will 
be a drop-down curve from the pond level to the critical depth, so that one-third 
the total head liecornes velocity head, as demonstrated mathematically on the 
opposite page. There are examples of this drop-down phenomenon in common, 
every-day hydraulics. Perhaps the best known example is where the depth of 
water is reduced as the water falls over a dam partly submerged by high water. 
The reason for this reduction in depth is due to the increased velocity as the water 
starts to fall over the crest. Before the water falls over the crest, there is com¬ 
paratively very little velocity and part of the depth is used to create the new velocity 
of the falling water. 



Longitudinal Section 


Fig. 126. Plan and longitudinal section of a rectangular conduit under critical flow. 
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In general, it may be said that the total energy or head of a flowing stream of 
water may be considered as made up of two parts: potential energy as represented 
by depth, and kinetic energy as represented by velocity head. The two kinds of 
energy are readily interchangeable wherever conditions favorable to such changes 
are encountered. 

The explanation of why the drop down is one-third the original depth in such 
cases is as follows: 

Assume a pond and channel as in Fig. 126: 

Tile quantity of water that can pass section M-M is no greater tlnin the quantity 
that can pass section N-N and the total discharge J r = CEV^ = EDV^ 


P 


//t> = velocity head = 

hut since Q = AF, F= 7 and 1’^ = 

A 

and since A=BXD, V^= ,,,,_ 
Substituting in (2) for 1'^ 

and substituting in (1) for the value of Hv 


and 


2glPiy^ 


Q‘ 

■id 




(0 

( 2 ) 


(3^ 

(4) 


(n) 


If the headwater dejith E is maintained constant, the maximum discharge* which 
can pass section X-X is found by diff(‘renl.iation ot ecjuation (o). 


'L =2 ElPD-'i («) 

til) {2g) 

Solving, 2 EIPI) = :i IPD‘ 

Dividing lioth sides bv IPD 
2E = hl) 
or D = E 

mh\ ni =E~l) = H E _ (7) 

r=\/2ff//=-^ E 

Q^AV = BDyjlgE 

This result may be summarized in the following statement: The maximum dis¬ 
charge which can pass the constricted or critical section of a friction less rectangular 
channel with constant headwater level, is that due to a critical velocity-head of 
and a critical depth of of the depth of the headwater above the floor of the 
constricted section. 
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For this condition, there is the same energy in section M-M as in section N-N. 
Section N-N represents a condition of uniform flow. Waves might form at that 
section but would have no effect upon the quantity of water passing the section. 

When this phenomenon exists, the amount of drop-down creates a definite 
velocity. This velocity is commonly called the critical velocity and can be calculated 

. ... 

from the velocity head ecpiation, // = ^. . Since the drop-down is a certain portion 

of the depth, the remaining depth and the area can easily be calculated. With tlie 
area and velocity known, the quantity of discharge can be determined. 

Law Applied to Circular Pipe 

This same princijile that hiis been ap|)lied to the rectangular frictionless channel 
can also lie applied to circular pipe. For the circular pipe, the calculations are 
somewhat more complicated because the sections are not uniform in horizontal 
projection. To determine the critical depth in a circular conduit, the law of critical 
velocity must be considered. I'he law as stated in the report “Hydnudics of the 
Miami Flood Control Project,’’ by Sherman M W'oodward, Technical Repoi’t 
No. 7, page 149, is: 

“Tlie critical velocity for maximum discharge at any cross section of a channel 
is that due to a head e(iual to half the average de|)th of tlic water at the cross 
section.” 

A[)i)lying this law to a circular |)ipe. the head causing th(‘ critical velocity is 
found to he e(|ual to ()..‘ll 111/), when I) is the diameter of the })ipe in feet. This 
eejuation is true only when the surface of the w.ater in the ])ond is coincident with 
the top of the pip(‘ and when the pipe is plactyl on such a giade that there will be 
no backwat(*r eflect du(‘ to friction. 

\N'ith the efiuation for head known, and the relationshi)) that exists l)etween the 
head and the velocity, the critical velocity (‘an tlien be determined. By mathemati¬ 
cal {iiijilysis. the critical velocity is hmnd to b<‘ e(|ual to where /> = diametei‘ 

of |)ipe. 

//,.= !;,/; =.8 II HO 

'■= v' 2X32.2X.;?1 IH0= l.lToOi 

(In this special case the symbols “/)” and "K" are interchangeable.) 

This ('(juation giv(*s the critical velocity at the critical section where the depth 
is (1 - .;il i;}/)) or .fiss;/). Fig. 127.) 

\\*ith the area and velocity of the critical s(‘ction known. th(‘ critical dischaige 
can be determined. This is found to be ecpial to 2.~)Sl)K 

Q = AV 

.1 — ar(*a for depth of A\SS71) = 

Then. Q— .r)7()S/)*X4.475/)^ =2.5X7)^ 

This e(piation give's the discharge at the critie^al section when the slope* is suflicient 
to remove the waU'i* without affecting the criti('al seedion. 

Effect of Slope 

The next step in this jiroblern is to determine the slope that will take care of the 
water passing through the critical section, and not cause any backwater effect. 
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In tlie solution of this ste|) of the problem it will he necessary to use some fuiula- 
niental 0()uation for flow based upon the friction in the pi|)e. Manning: s etpiation 
was used in determining; the slope necessary to remove the quantity of w ater passinj; 
through the critical section. ’ ^ 


By substituting the critical velocity in the Manninn eipiation. it was found that 

2.04 

the critical slope was equal to - , per cent. The computation follows: 

IP ' 

h — - - A* ‘ (Mannirui:'s fornuila) 



.oTfiS//* .oTIiS/) 
1.957S/> ^ 1 .Ooi S 


This eijuation gives the per cent sl(>p(M)n which a pipe must be placed so that th(» 
water passing tlirough t.lu' critical section is taken awa> nithout any backwatiu' 
(‘ITect. 


Maximum Discharge at Critical Slope 

At this ])oint, it is necessary to understand that tiie vi'locity at the critical section 
is the velocity at which iiiaximuin discharge can lx? attain(‘d in any giviai pip(‘. 
'That is to say that tlu' head causing this is a constant and cannot b(‘ incn'asi'd. In¬ 
creasing the slo])e of a culvert beyond the critical slope do(*s not incn'asc* the dis- 



Fig. 127. Elements of criticol flow in round pipes. 
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CAPACITY-VELOCITY CURVES 
For Pipe on Various Slopes —Outlets Unsubmerged 
Water Surface at Inlet Same Elevation as Top of Pipe 
Computed by Manning's Formula 

Note: Upper limit of curves is critical slope, beyond which the discharge is constant. 



Figs. 128-129. Curves showing capacity and velocity for various slopes—outlets unsubmeraed. 
For n = .015. 























Slope n Pe Cent 
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charge, but it merely makes the water flow at a depth less than the critical depth 
and at a greater velocity. This gives rise to the statement that discharge under 
this condition is limited by the amount of water that can enter the pipe. It might 
be said that the discharge is limited by the amount of water that can be forced 
through the pipe due to a certain head which is not dependent upon grade. This 
l)eing true, the maximum discharge is obtained at a critical slope, and a slope greater 
than the critical slope will not increase the discharge. Therefore, the only remaining 
part of this proldem to be solved is to find the discharge for slopes less than the 
critical slope, because for these slopes friction will have a retarding effect upon the 
discharge. 

This is accomplished by choosing various values of depths at the critical section 
and determining the velocity caused by a head equal to the remaining depth and 
from this velocity finding the discharge for the various depths from critical depth 
to full depth. For various depths, a curve can be plotted showing the dischaige 
with different values of slope. From these graphs or curves the discharge for even 
depths and sloi)es can be taken off and put in tabular form. 

From Table 20-2, page 230, and Table 33-2, page 27K, the discharge can be taken 
diiec^tly for various diameters of pipe on various slopes up to and including critical 
slopes. Velocities are also shown, figures 128-131, in the accompanying se^ries of 
graphs, give the same information in graphical form. These tallies and charts are 
based on the condition that the water surface at the inlet end is at the same eleva¬ 
tion as the top of the pipe. This is the usual condition found in culverts and storm 
s(*w(*rs b(‘cause they are seldom designed to flow under a head. Head, in this case, 
means height of water above the top of the i)ipe at the inlet. 

Example of Use of Tables and Graphs: 

A—Ucfiuired: (1) the critical or maximum discharge, (2) critical slo])e and (3) 
approximate velocity for a 3()-in. pi|)e liaving a value of // = .()21 witli water 
surface at inlet same elevation as top of pipe. 

fl’om Fig. 130 all recpiirements can lu* read directly. 

(1) Max. or critical discharge = 2() cfs 

(2) Critical slope =1.0% 

(3) Velocity = approximately 6 to 8 fps 

Th(*se results may be obtained also from Table 20-2, page 230. 

H Required: (1) the (lischarge and (2) approximate velocity if the ])ii)e in the 
l)receding example is laid on 0.0% grade. 

From the same graph and table, the requirements can be read directly. 

(1) Discharge at 0.0%, = 20.8 cfs 

(2) Velocity = approximately 4.5 fps 

Discharge of Conduits with Free Outlets and Operating Under Heads at 
Inlet from 0.2 to 5 0 Ft 

Occasionally, it may be permissible to increase the discharge of a culvert or 
storm sewer by flow under pressure or head. Under this condition, the elevation 
of the water at the inlet end is above the top of the pipe. 

From the accompanying figures. Nos. 132 to 139 inclusive, the discharge for heads 
varying from 0.2 ft to 5.0 ft inclusive, (in intervals of 0.2 ft for the first foot of head, 
and 1.0 ft intervals thereafter) can be obtained for various diameters of pipe and 
slopes up to and including the critical slope. The maximum discharge occurs when 
the pipe is laid on the critical slope or steeper. Any greater slopes will not increase 
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CAPACITY-VELOCITY CURVES 
For Pipe on Various Slopes—Outlets Unsubmerged 
Computed by Manning's Formula for n = .021 

Note. ITpper limit of curves is critical slope, bcy'ond which discliargc is constant. 
Lower limit of curves is slope Ijelow which pipe flows full. 

Number at top of each curve ropre-sent.'^ diameter in inches. 

Numbers on straight line.s represent approximate vcUicities in feet per secoiul. 



Figs. 132-133. Curves showing capacity and velocity for various slopes—outlets unsubmerged, 
For heads of 0.2 and 0.4 ft. 
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Figs. 134-136. Curves showing capacity and velocity for various slopes—outlets unsubmerged. 
For heads of 0.6, 0.8 and 1.0 ft. 
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CAPACITY-VELOCITY CURVES 
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Figs. 137-139. Curves showing capacity and velocity for various slopes—outlets unsubmerged. 
For heads of 2, 3 and 4 ft. 
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the capacity of the pipe. The maximum possible discharge is the upper limit of 
each curve. Discharge is constant beyond that point. The lower limit of each 
curve indicates the slope below which the pipe flows full. For such slopes the pipe 
will always flow full and methods which apply for this condition must be used in 
computing discharge. Velocities are indicated by straight-line curves on each 
graph. 

Example of Use of Graphs: 

A—Required: (1) the maximum or critical discharge, (2) the critical grade and 
(3) the velocity for a pipe 00 in. in diameter with a value of n = .021 and with 
a head of 0,0 ft on the inlet end. 

From Fig. 134, the recpiircrnents are read directly. 

(I) Max. or critical discharge = 172 cfs 
C2) (Critical slope = 1.30% 

(3) Velocity = a|)proximately 11 fps 

B- Required: (1) discharge and (2) approximate velocity if the |)ipe in the 
preceding example is laid on 0.8%) grade. 

I'Vom the same graph, the requirements are read directly. 

(1) Discharge at 0.8% grade = 157 cfs 

(2) Velocity = approximately 8 fps 

Other Values of n 

The discharge of a pi|)e varies inversely as w, and varies directly as the square of 
the slo})C. The acarompanying curves. Figs. 132 to 130 inclusive, are based on a walue 
of n = .021. For pipes with other values ofu/. the dischai'gc, or tlie slope required 
to obtain an ecjuivalent discharge, can be obtained by apjdying a per cent correction 
factor as given in Table 25-1. In no case, however, (^an the discharge exceed the 
maximum shown for the upper limit of each curve. 


TABLE 25-1 FACTORS FOR DETERMINING CRITICAL SLOPES 
FOR VARIOUS VALUES OF n 


n 

Decimal 

Per Cent 

n 

Decimal 

PcJ' ('enl 

.010 

.227 

.019 

.580 

.011 

.274 

.017 

.()5() 

.012 

.327 

.018 

.735 

,013 

.383 

.019 

.819 

.014 

.415 

.020 

.907 

.015 

.510 

.021 

1.000 


Examples: The problems on this and on page 218 are for pipe with an n of .021. 
Now the question is, on what slope would a pipe with an n of .017 have to be placed 
to give an equal discharge of 172 cfs? 

.4 n.wcr; Slope X per cent correction factor 
= 1.36%X.656 

= .89%) (The velocity remains the same) 







CHAPTEk TWENTY-SIX 


Design of Culverts or Cross Drains 
for Size and Shape 


Thio dksign of culverts for size and shape is done by several acceptable methods. 
These vary i^reatly, depending on local precedent and experience. The results are 
equally variable. 

Definition. A culvert is defined as a conduit to convey water through an em¬ 
bankment. It is a “grade separation’' for the water and the traffic above it. 

Distinction between a highway culvert and a bridge is that the top of a culvert 
does not ordinarily form a part of the roadway surface. On the other hand, a 
bridge is a link in a roadway. For the administration of federal-aid highway funds, 
all structures 20 feet or less l)etween abutments are classified as culverts. Some 
states and railroads consider much smaller structures as bridges. 

Importance Cost-wise 

The U. S. Bureau of Public Roads* estimates that approximately $400 million 
is being s|)ent annually on new drainage striadures by federal, state and local 
agencies in the United States. Also, about irf per cent of the total cost of construct¬ 
ing highways, or about $100 million a year goes into small drainage structures— 
culverts. 

Add to this the cost of railroad culverts, levee culverts, industrial drainage and 
other uses of small drainage structures and the total cost is boosted considerably. 
Therefore, there is a need to avoid wasteful ()ver-d(*signing. On tlie other hand, if 
culverts are delicitait, they may result in |)remature destruction of the roiidway 
or other engineering structures they were intended to ])rotect. The more impoi tant 
and costly the road, and the hetivier the traffic, the more liberal should be the de¬ 
sign. Some engineers |)urposely over-design culverts so that wlam replacement is 
n(‘c(*ssary, this can be done by threading a new structuie inside the old one and 
still have ade(]uate waterway area. 

Hydraulic Considerations 

Surface water should be conducted acro.ss and away from a roadway as promj)tly 
as p().s.sible. 

Proper alignment, grade, and installation methods, as discussed in later para¬ 
graphs, are important in determining the adeciuacy of a culvert or cro.ss drain. 
If a culvert silts up, pulls apart or wa.shes out, it will not have the capacity nor 
give the service intended. 

A culvert usually constricts the waterway, thereby causing some ponding of the 
water at the inlet and an increase in velocity inside and beyond the culvert. The 
outlet may need protection against scour and undermining. 

Culverts should not be designed to flow full or with the headwater submerging 
the entrance oftener than once every twenty-live years. On minor, lightly traveled 
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roads, overtopping of the roadway once every few years may l>e of no consequence 
if the embankment is protected. For heavily traveled roads and on railroads, the 
size of the culvert opening should he such that while sub.nerging the entrance may 
occur on rare occasions, overtopping of the roadway will not o('cur at any time. 

There is an economic relationship l)etween (1) i)roviding a large culvert opening, 
(2) repairing the roadway in case of overtopping. (3) maintenance of culvert and 
channel, (4) interference with heavy traffic and (.5) safety. Fig. 141. 

Drainage Survey 

Determining culvert size may require a drainage survey, including the following:® 

1. Information as to runoff producing chara(4eristics of drainage area (shape, 
slope, present and [)rospcctive land us(^ etc.). 

2. Acreage of watershed. The use of U. S. Geological Survey maps or other 
topographical maps is satisfactory. Small areas may be estimated if visible. 

3. Profile of existing inlet and outlet channels. 

4. Cross-sections of the outlet chaniud. 

5. Cross-section of the pioposed embankment at the culv'crt site. 

0. Contours of inlet basin up to maximum headwater elevation to determine 
storage capacity. 

7. High water elevation of flood plain below culvert wliere flooding is probable 
from a stream or river below roadway. 

8. Information on resistance to erosion of channel soil. 

9. Possibility of and kind of drift. 

Aerial surveys and photograiihs, if available, are satisfactory and may lie less 
costly than ground surveys for determining several of the aliove items. I'Apensive 
surveys are not justified for small culverts but may be for larg(' culverts and bridges. 

An engineer is less likely to be criticized if he builds his drainage structures with 
cajiacity on the liberal side than if he makes them too small- iiarticularly where 
accurate data are not available. 



Fig. 141. Culverh should not be designed to flow full. Twin 9.ft corrugated metal culvert under 
100 ft of All on U. S. Route 10 near Cabinet Gorge Dorn in Montana. 
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Methods of Determining Size 

There are three general methods in use for determining the required size of a 
culvert: 

1. Inspection of old structure at the site, or structures up and downstream. 

2. Use of an empirical formula to determine directly the size of opening required. 

3. Use of a formula to determine the amount of water reaching the culvert, then 
a second formula to determine the size of culvert required to carry this 
amount of water. 

1, Omtmrmining Sm by iMpmcfion 

Existing Structure. One of tlie most practical ways of determining proper size is 
})y inspection of an existing structure at the site, (also upstream and downstream) 
even though its size may have been established l)y guess. Note the size and shape 
and the condition of the channel above and below. W as it adecjuate or oversize at 
])ealv flood-flow over a period of twenty-five years or more? Long-time local resi¬ 
dents or maintenance men may have information as to high water marks and ade- 
qua(;y. Structures built during drought years may be inadequate later. Local resi¬ 
dents may be concerned about keeping drainage openings on the liberal side and 
may testify accordingly. 

2. Talbot Formula 

Ilecause of its sim[)licity in giving culvert size directly, the Talbot formula con- 
tin U(»s to be |)Of)ular. It is an empirical formula based on a large number of observa¬ 
tions in the Middle W est. It does not take*into account the intensity of rainfall 
(im^hes per liour), velocity of flow or <)ther rational factors. The maximum rainfall 
for tliese observations is not known, l)ut is assumed to have been about 4 in. per 
hour. Tlie velocity of flow was variable—something less than 10 ft i)er second. 

The Talbot formula gives tlie area of the culvert opening directly: 

where 

A = waterway necessary, in sq ft 

M = area drained, in acres 

U = coefficient 

The coefficient C depends upon the contour of the land drained, and the follow¬ 
ing values arc recommended for various conditions of topography. 

(7=1, for stcf^p and rocky ground with abrupt slopes. 

C = 2/3, for rough hilly country of moderate slopes. 

V 2 , for uneven valleys, very wide as compared to length. 

(7= 1/3, for rolling agricultural country where the length of valley is three or four 
times the width. 

C = 1/5, for level district not affected by accumulated snow or severe floods. For 
still milder conditions or for subdrained lands, decrease C as much as 50 per 
cent; l)ut increase C for steep side slopes or where the upper part of the valley 
has a much greater fall than the channel of the culvert. 

Example: Retpiired, the cross-sectional area of a culvert suitable for draining 75 
acres in level country. Assuming 1/5 as the value of (7, locate the intersection of the 
75-acre line with the first curve of Fig. 142, then trace directly down to the base line. 
This point lies almost exactly at 5 sq ft. 
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Fig. 142. Diagram for solution of Talbot formula for culvert sizes. 


From Table 26-1 find the nearest waten-vay opening; oorrcspondinK to 5.0, in this 
case 4.91. A 30-in. culvert is the nearest stork size. 

A handy drainage calculator (slide rule) is also availal)le for solving the Talbot 
formula. 

Engineers have in some cases modified the factors in this formula, based on ex¬ 
perience with it in their own section of the country. 

3. Jcwyn-Myert Formula 

Dozens of other empirical formulas have been devised k) fit peak flows in various 
parts of the country. These generally give the answer in quantity of flow expected 
for peak discharge. The second part of the problem then consists of designing the 
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culvert by hydraulic methods—a size to carry the peak discharge within limits set 
up for headwater elevation and outlet velocity (based on formula Q = AV). 

The Jarvis-Myers formula was based on studies in several sections of the United 
States and is ap[)licable to large culverts and small bridges. 

Jarvis-Myers formula: Q = 10,000 PVm 
in which Q — total flow in cu ft per sec 

P = a coefficient, normally less than 1 
M = tlie drainage area in sq mi 

Solution for this formula is given in Fig. 143, from Water Resources Review of 
U. S. Geological Survey.^ Two guide lines are shown giving percentage (100 and 50) 
in terms of the Jarvis-Myers formula. It is, of course, possible to plot lines of smaller 
percentages tfiat will fall closer to some of the lower points. 



Fig. 143, Flood discharges in relation to drainage areos. Sloping guide lines give percentage in 
terms of Jarvis-Myers formula.—Chart from Water Resources Review of U. S. Geological Survey, 1950. 
Please note that the discharge values at the left are per square mile, and these must be multiplied 
by the drainage area in square miles. 
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TABLE 26-1 ACRES DRAINED BY CULVERTS OF VARIOUS DIAMETERS 
(Talbot Formula) 


Diameter of 
Culvert 
in Inches 

Area of Waterway 
Opening in Sq Ft 

M ountainaus 
Country 
C-/ 

Rotting Coiinln/ 

c='A 

Level Country 
C=H 

12 

.70 


3 

0 

15 

1.23 

1 

6 

11 

18 

1.77 

2 

0 

IS 

21 

2.40 

3 

14 

28 

24 

3.14 

5 

20 

30 

30 

4.01 

8 

36 

71 

36 

7.07 

14 

50 

115 

42 

0.62 

20 

80 

175 

48 

12.6 

20 

125 

250 

54 

16.0 

40 

175 

345 

60 

10.6 

55 

230 

455 

66 

23.8 

70 

205 

585 

72 

28.3 

85 

375 

735 

78 

33.2 

105 

4(;o 

010 

8*1 

38.5 

130 1 

560 

1110 

00 

41.2 

; 1 

680 

1340 

f)6 

50.3 

100 

800 

1500 

102 

56.7 

220 

010 

18(;0 

108 

63.6 

250 

1100 

2170 

114 

70.0 

200 

1270 

2510 

120 

78.5 

340 

1450 

2870 

126 

86.6 

380 

1 1660 

3270 

132 

05.0 

430 

' 1880 

3710 

138 

103.0 

4 IK) 

i 2110 

4180 

144 

113.1 

i 550 

2370 

1 4680 

150 

122.7 

610 

2640 

5210 

156 

132.7 

680 

2030 

5780 

162 

143.1 

750 

3240 

6400 

168 

153.0 

820 

3570 

7050 

174 

165.1 

010 

3020 

7740 

180 

176.7 

OIK) 

4200 

8480 


Other formulas, includinR the rational formula (page 2m) may he used for deter- 
mining culvert sizes. The results may vary coiisiderahly. The engineer knows that 
exact results are not obtainable but that he must dei)end on his exficrience and 
judgment in deciding which formula and what size structure to use. 

The Talbot formula gives the area of the culvert opening directly and simply and 
therefore has wide usage, ^^'herc other formulas are usc^d, it is neimsary to deter- 
mine the size of culvert opening needed to carry the computed discharge. 




TABLE 26-2 CAPACITY OF CULVERTS V/ITH FREE OUTLET 
WITH WATER SURFACE AT INLET SAME ELEVATION AS TOP OF PIPE, AND OUTLET UNSUBMERGED 

Values are in cubic feef per second 
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Note: The values in bold face type indicate discharge at the ap- The “stairs” of heavy horizontal lines indicate approximate veloci- 

proxiinate “critical slope,” when ri=.021. Steeper slopes than “criti- ties of 2, 4, 6, 8 and 10 feet per second, 

cal” do not result in increased discharge. 
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Free Outlet Condition 

The amount of water a culvert will carry is controlleil hy several thlufi^: the slope 
of the flow line aiul streambed above and below, the elevation of the headwater (at 
inlet), the type of inlet, roughness of culvert interior, and height of the. tailwater 
or backwater. Fig. 144. 

If a culvert were the same size as the channel above and below, the design prol)- 
lem would be simple. However, a culvert is Uvsually a constriction in the channel, 
and during flood flow the water will pond upstream from the culvert. If the culvert 
has a free discharge and sufficient slope, there will oe a drop down of the water sur¬ 
face at the inlet; the velocity increiises but tlie culvert does not run full. The 
minimum slope of the culvert that permits the maximum discharge of water is called 
the “critical slope.” 

For slopes less than critical, the discharge may be less for a given level of water at 
the culvci t inlet. Sloj)es steeper than critical will not increase the disehargt* for any 
type of culvert, regardless of fiiction unless it is mad(* to run full by some artificial 
means. For such cases, the discharge is limited by tlie amount of water that can 
enter the ]jipe. 

For culverts under this free outlet condition, the recpiirod size can be determined 
from Table 20-2. This table assumes a pii)e of any lengtlu with the headwat(‘r or 
pond at the crown elevation of the J)ipe. It gives values of discharge* feu* various 
diameters and sloj)es. This table, prepared under the direction of Professor S. M. 
Wofxlward, formerly of the University of Iowa, is based on the hydraulii* theory of 
backwater and critical flow.'* 

Example: Assume that the runoff has-been computed to be 40.3 cu ft per sec. 
Assume the slope of the streandied at tliis hication is 1.0 per cent, and the outlet 
will ])e “free.” What size jupe is reiiuired to pass this amount of water safc‘ly? 

Answer: From Tabk* 20-2 it will lie seen that a 3()-in. culvert will carry 30 cu ft 
])er sec, and a 42-in. culvert will carry 57 cu ft per s(‘c. The-rj-in. size should bo 
chosen because it gives a factor of safety over and above the reipjired cajiacity. 



Fig. 144. Culvert with “fr«e outlet.' 
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TABLE 26-3 CAPACITY OF CORRUGATED METAL PIPE WITH SUBMERGED OUTLET 
CULVERT FLOWING FULL—STRAIGHT ENDWALL ENTRANCE 
CULVERT LENGTH 30.6 FEET 
Values are in cubic feet per second 



Note: This table is laisod on the formula Q =3.10 for corrugated pipe in which 

(J -discliurge in cu ft per t*vr. D =dmmeter of pipe in ft and // =hcad on pipe in ft = difference 
in elevation of water surfact? at iidet and outlet ends. 

*No experiments made oti these sizes—Quantity computed by formula. 

This capacity table is compiled from figures »ibtaiue<I through a series of tests made by the 
Uureau of Public Houds at the Hydraulic Testing Plant of the University of Iowa. Note that 
capacities are for 3t).<V-ft lengths of pipe. 

'Phe figures in bold face t>'pe are for velocities of approx. 2, 4 and 6 ft per second, reading 
downwards. 
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Fig. 145. A flared entrance and outlet on a culvert enable it to carry more water. 


Submerged Outlet 

In level country or other cimes where the water does not have a quick Rot-away, 
as when obstructed ))y flood w'aters, the outlet of the culvert may he suhmerRed. In 
this case the culvert may run full, and when this is true, the required size of culvert 
can be determined from Table 2(»-3. 

This table is based on experiments only on the 12, 24 and 30-in. sizes, so the other 
values, especially in the larger sizes, are subject to error. This talilc is based on a 
length of 30.6 ft only. 

Example: Assume as in the above problem that the runofT is 40.3 cu ft per sec.; 
the streambed at this location has a slope of 1.0 per cent; and the outlet is ‘‘sub¬ 
merged,” w ith the watei at the inlet just 0.4 ft higher than at the outlet. 

Anmer: The slope of the streambe(l and the culvert has no elTect on the oapacitv 
of the pipe, the “head” being the controlling factor. In column 1 of Table 2f>-3 will 
be found a head of 0.4 It. Reading to the right, we find that a 42-in. pipe has a ca¬ 
pacity of 35,4 cu ft per sec., but a 4s-iii. pipe has a capacity of 4S.2 cu ft per sec. 
The 48-in. pipe allows a factor of safetv and conseiiuently should be chosen. It will 
be seen that a slight variation in head gives an appreciable vaiiation in capacity; 
and since the head cannot always be fletermined accurately in advance, it pays to 
be conservative and allow a sufficient factor of safety. 

Effect of Inlet on Capacity 

Experiments show that flared types of inlets are more efficient hydraulically than 
are straight headwalls, square edge entrances and entrances w’here the culvert pro¬ 
jects out into the inlet pond. In other words, a flared entrance admits more water 
into a culvert with a free outlet and consequently increiuses its capacity. Fig. 145. 

The actual amount of benefit from a flared entrance is variable, depending on its 
actual shape and conditions prevalent at this point. Various tests have been made 
for individual conditions, and inlet losses are usually expressed in terms of velocity 
head. Flared types may be as low as 0.1 of the velocity head loss, whereas projecting 
sharp entrances may be several times higher. 
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TABLE 26-4 CROSS-SECTIONAL AREAS FOR DROP-INLET CULVERTS 



Whore « = cn>.ss -socti()nul area of culvert in sq ft. 

= watershed area in acres, r = coefficient depeinling on nature and type of watershed. 
^'ormulu not recornineruied for areiis larger than Riven in tal)le. 

TTse al)ove values ft)r vertical drop throuRh culvert up to 5 ft. 

Multiply above values by 0.71 for drop through culvert — 10 ft. 

Multiply above values by 0.5S for drop through culvert = 15 ft. 

For fan or square sha|)ed watersheds multiply ulx)ve values by 1.25. 

If side .spillway of appreciable capacity is provided reduction of culvert area may be made 
accordingly. 


Determining Sizes of Drop-Inlet Culverts 

A Ijirge numher of earth soil-saving dams have been Imilt during the past few 
years as a means of conserving agricultural lands and bringing gullies under control. 
Many of these dams are provided with drop-inlet culverts to take care of the excess 
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Fig. 146. Bolting a drop inlet to 66-in. Multi-Plate pipe for soil-saving dom in Atchison County, Missouri. 


TABLE 26-5 CROSS-SECTIONAL AREAS FOR VARIOUS PIPE 
DIAMETERS 


DianiHcr 
in /nrhvx 

A rca 
in Sq Ft 

Diamvier 
in Jnrhcs 

A rcn 
in Sq Ft 

0 

0.190 

84 

38.5 

8 

0.349 

90 

14.2 

10 1 

0.545 

90 

.50,3 

12 

0.785 

102 

5(>.7 

15 

1.23 

108 

03.0 

18 

1.77 

114 

70.9 

21 

2.41 

120 

78.5 

24 

3.14 

120 

80.0 

30 

4.91 

132 

95.0 

30 

7.07 

138 

104 

42 

9.02 

144 

113 

48 

12.0 

1.50 

123 

54 

15.9 

1.50 

133 

60 

19.0 

102 

143 

Of) 

23.8 

108 

154 

72 

28.3 

174 

105 

78 

33.2 

180 

177 
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TABLE 26-6 AREAS DRAINED BY PIPE-ARCHES 
(Based on Talbot Formula) 


Size in Inches 

Areas Drained in Acres 



Mouniainous 

Rolling 

Level 

Span 

Rise 

Country 

Country 

Country 



C^l 

'X 

II 

c=% 

18 

11 

1.0 

6.0 

11.0 

22 

13 

2.0 

9.0 

18.0 

25 

16 

3.0 

14.0 

28.0 

29 

18 

6.0 

20.0 

39.0 

36 ' 

22 

8.0 

36.0 

1 71.0 

43 

27 

14.0 

59.0 

116.0 

60 

31 

20.0 

89.0 

175.0 

68 

36 

29.0 

126.0 

250.0 

65 

40 

40.0 

174.0 

345.0 

72 

44 

53.0 

229.0 

1 453.0 


runoff and prevent washout of the dams (see Fig. 146). It also frequently haj)pens 
that highway and railway culverts are so situated that drop inlets may he pla.(;ed on 
them (either new construction or existing culverts) without subjecting the embank¬ 
ment to undue hazard and with great benefit Uy erosion control. A minimum clear¬ 
ance of at least 4 ft between the top of the embankment and the maximum water 
elevation at tlie inlet must be assured before the embankment can be considered 
adc(juately protected. 

Wlierever this condition prevails, the size of i)ipe to use can be determined from 
Tables 26-4 and 26-5. 

To illustrate the use of these tables, assume that a dam with a culvert having an 
inlet drop of 12 ft of corrugated pipe is to serve an ordinary watershed of 25 acres 
of rolling cultivated land. Interpolating between 5.8 sq ft for 20 acres and 7.8 sq ft 
for 80 acres, (i.S sq ft is ol)tained. Interpolating likewise between a multiplying 
factor of 0.71 for a 10-ft drop and 0.5S for a 15-ft drop, 0.66 times 6.8 gives 4.491 sq 
ft as the |)roper cross-sectional area. The nearest commercial size from Table 26-5 is 
a 80-in. pipe with an area of 4.91 sq ft. Therefore, a 80-in. culvert should be used for 
the conditions assumed. 

Sizes of Pipes, Arches and Pipe-Arches 

When the peak flood discharge has been computed or estimated for the desired 
frecpiency of once every 10, 25, 50 or 100 years, the design engineer must select the 
ty|)e of drainage opening he wishes to use. 

The a.ccomi)anying tables, Nos. 26-5, 26-6, 26-7 and otliers in Chapter 8, give the 
dimensions and end areas of standard size corrugated metal pipes, arches and pipe- 
arches of riveted and structural plate construction. 

Culvert vs. Small Bridge 

From the foregoing tables, it Ls seen that pipe culverts now range up to 15 ft in 
diameten-, pipe-arches in spans up to 16 ft 7 in. and arches up to 30 ft. In single or 
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TABLE 26-7 DIMENSIONS AND END AREAS OF MULTI-PLATE PIPE-ARCHES 


Nominal Dimensions 


Layout Dimerunons—in Inrlies^ 




End 

Toted 





Span 

Rise 

Area 

in 

Periphery 
in Pi 

B 

Rise 

^2 Sftan 

R 



Sq Ft 

Inches 





6'-r 

4'-7" 

22 

60 

21.0 

55.0 

36.5 

30.8 

0'-4" 

4'-9" 

24 

09 

20.5 

57.1 

38.0 

38.1 

0'-9'^ 

4'-ll" 

26 

72 

22.0 

58.9 

40.0 

41.0 

7'-0" 

5'-l" 

28 

75 

21.4 

61.1 

42.1 

42.3 

7'-3'' 

5'-3" 

31 

78 

20.8 

63.2 

43.5 

43 5 

7'-8" 

5'-5" 

33 

81 

22.4 

05.0 

40.2 

40.5 

7'-l 1" 

5'-7" 

35 

84 

21.7 

07.2 

47.6 
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56.2 

9'-0" 

0'-5" 

49 

99 

22.9 
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57.3 

9'-9" 
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58 
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61 
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64 
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11'-7" 

7'-5" 

67 
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26.3 

89.1 

09.7 

70.2 
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7'-7" 

71 

120 
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91.3 

70.9 

71.1 
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74 
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78 

81 
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85 
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89 
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93 

97 
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144 
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28.9 

27.6 

20.3 

28.9 

31.0 

103.0 

105.2 
107.5 

109.2 
110.8 

83.0 

84.7 

85.7 
88.9 
92.0 

84.4 
85.1 
85.9 
89.0 
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15'-6" 
15'-8" 
15'-10" 
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30.2 

28.8 

27.5 

30.1 

28.7 

113.1 
115.3 
117.0 

119.2 
121.5 

93.2 

94.2 

95.2 

98.5 

99.5 

94.0 

94.7 

95.5 

99.2 

99.9 


ir 


70.3 

08.0 

83.5 

101.2 

130.2 

109.8 

137.9 

182.9 

111.0 

178.7 
Ml.O 

177.5 

227.7 

178.3 

153.2 

180.4 

157.9 

183.2 

210.1 

180.5 

210.8 

257.1 

314.7 

251.8 

220.7 

254.1 
297.0 

254.3 

220.8 

255.7 

291.5 

338.1 
21K).9 

332.7 


K> inside crests and are .subject to iiianulwTuriMK 

s are preferred Ixjcause thev Rive greatest area for Riven number of plate.s 
B^^slructure of le*. »pm. than thoae ...arkcl pr-.VKlo» corroapond.nRly lena 


♦The.se .structures 
and bolts per ring. Ltu^u ai/t v*v v„. 
area for the same number of plates and bolts. 
fSee Fig. 66, page 83. 
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multiple units, these give waterways equivalent to those of small bridges. WTien 
should the designer use a culvert and when a bridge? 

A culvert is recognized as having advantages such as simple foundations, ease of 
installation with less interference to traffic, less maintenance, no fire hazard, wider 
safer roadway at lower cost, and ease of extending to widen the roadway. Further¬ 
more, under normal fill heights it is possible to increase live load, whereas for 
bridges such is not the case. 

Waterway capacity should be a principal factor in choosing between a culvert and 
a bridge. If the roadway level is sufficiently high and the channel wide enough to 
permit the use of one or more culvert openings without causing water to back up 
and to flood valuable property, then a culvert may be the answer. This assumes, 
too, that if driftwood or floating ice is expected, tliere will either be sufficient clear 
waterway to permit it to pass, or some way be found to avert any serious damming 
up behind the embankment. 

Single vs. Multiple Opening 

A single culvert opening is in general the most sativSfa(!tory. However, in many 
cases the greater portion of the waterway area should be kei)t near the invert eleva¬ 
tion in order to get the water throiigh (juickly without undue ponding or flooding of 
the land upstream. In smth cases, the solution may consist of using either a lf)w 
wide culvert such as an arch or pipe-arch, or using a battery of two or more openings, 
or bo til. Fig. 147. 

Bridge Replacements 

Because of the lower cost and other advant;iges of corrugated metal pipe culverts, 

_Bof of Roll or Top of Roodwoy El. 10.5'_ 






Fig. 147. Diagrams showing four possible choices of a culvert opening. For the assumed conditions, 
a single large pipe will cause the water to back up and flood the adjacent land. A twin or triple 
opening, while less efficient hydraulically, offers the best solution.—From Kailway Engineering A 
Maintenance, 1952. 
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Fig. 148. Replacing a timber trestle on a branch of the S. P. & S. Ry. in Oregon with a 
130>ft high embankment over an 84'in. Multi-Plate pipe, 456 ft long. 


many road departments^ and railroads® ar(* iisinj; tliem to replace inadequate and 
obsolete bridges. However, l)efore reducing tlie size of any wattTway, a careful 
survey should be made.^ 

It is well known that some of the earlier bridges \\ere made oversize either l)e- 
cause of lack of information or engiuetuing supervision, or because it was chea|H‘r to 
build a bridge across a ravine or stream than to make a hll. Now it geiKually costs 
less to build a culvert and fill (see P'ig. 14.S). 
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CHAPTER TWENTY-SEVEN 


Culvert Location and Length 


Principles of Culvert Location 

Culvert location means alignment aini grade with respect to l)oth roadway and 
stream. Proper location is important hecausc it affects the adeciuacy of the opening, 
maintenance of the culvert, and possilde washout of the roadway. Although every 
culvert installation is a separate problem, a few principles are explained here to ap¬ 
ply in a majority of ctises. 

A culvert is an eiiclosed channel serving as a continuation of and a sub'^titute for 
an open stream wherever that stream meets an artificial barrier such a roadway 
embankment or a levee. It is necessajy to give consideration to abutting ])roperty 
both as to ponding upstream and to safe velocities to avoid undiu* scour or silting 
downstream. 

An oi)en stream is not always stable. It may 1)0 changing its channel—straigldcn- 
ing itself in some places, and becoming more crooked in others. It may be scouring 
itself deeper in some ])laces, silting in others. Change of land us(* upstream by clear¬ 
ing, deforestation or real estate development may change l)oth the stability and the* 
flood flow of a streiun. 

Be(;ause a culvert is a fixed line in a stream, judgment is necessary in properly 
locating the structure. Some principle.s are discussed here. Fig. l b). 




Fig. 149. Locating a culvert in mountainous country requires good judgment. Here a 10-ft diometer 
Molti-Plote pipe, 266 ft long, is skewed and placed on o steep slope before covering it with 50 ft 
of fill on California Highwoy 49. 
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CULVERT ALIGNMENT 






opportunity. 



ment. Desirable in some 
coses. 


Fig. 150. Various methods of securing correct culvert alignment. 
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Alignment 

The principle of culvert location is to give the stream a direct entrance and a 
direct exit. Any abrupt change in direction at eitlicr end will retard tlie flow and 
make a larger structure necessary. 

A direct inlet and outlet, if not already existent, can be obtained in one of tlnxH' 
ways—by means of a channel change, a skewed alignment, or both. The cost of a 
channel change may be partly offset by a sa\ ing in culvert length or decrease in size, 
A skewed alignment re(|uires a greatt'r length of cuhert hut is usually justified by 
imi)roving the hydraulic condition and the safety of tlie roadbed. 

For correct fabrication of corrugated metal drainage structures with cut ends, it 
is necessary to specify tlie dm diem as well as the unglt of the skew, particularly for 
leaved-invert pii)e, Multi-Plate pipe with heavici gage bottom plates, and Multi- 
Plate arches and pipe-arches. 

The second principle of culvert location is to use reasonable precautions to ])revent 
the stream from changing its course near the ends of the culvert. Otherwise the 
culvert may become inadecpiate, cause excessive poihllng. and possibly wash otit 
or require expensive maintenance (»f the roadway. Riprap sod. pa'cing or metal 
end sections will hel]) protect the banks from eroding and changing the channel. 

Culvert alignment may also be influenced by (*hoicc of i grade line. Methods 
of selecting proi)er alignment arc illustrated in Fig. ir)0. 





Fig. 151. Pipe spillway drops the water safely on a IdS-in. Multi-Plate pipe culvert under a railrood 
in Iowa. 
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Grade 

The ideal Rrade line for a culvert is one that produces neither silting nor excessive 
velocities and scour, one that gives the shortest length and one that makes replace¬ 
ment simplest. 

Velocities as great as 10 ft i)er second cause destructive scour downstream and 
to the culvert structure itself unless i)rotected. Safe streamhed velocities are given 
in Tal)le 24-2, page 210. The silt (%‘irrving capacity of a stream varies as the square 
of the velocity. 

The caf)acity of a culvert with a free outlet (not submerged) (page 231) is not 
increased by placing on a. slope steepier tluin the ‘^critical slope.” (About 1 per cent 
for a OO-in. pii)e.) The capacity is controlled l)y the amount of water that can get 
into the inlet. On the other iiand. the capacity of a ])ipe on a very slight gradient 
and with a Huhmmjni outlet is influenced by the hearl (difference in elevation of 
water surface at both ends). In this case, the roughness of the culvert interior, in 
addition to the velocity head and entrance loss, is a factor. 

A sloi)e of 1 to 2 ])er cent is advisable to give a gradient equal to or greater than 
the critical slope*, provided the velocity is permissible. In general, a minimum 
slope of 0.5 ft in 100 ft is recommended to avoid sedimentation. 

Ordinary practic(’ is to make tiie grade line coin(‘i(l(5 with the existing streambed. 
However, deviation is permissible if for a good purpose, as follows: 

1. In frenhlff qradid arms, on relativ(‘l\’ flat gradients, expect sedimentation to 
occur. Set the cuh'ert invert several inches higher than the streambed, but 
on the same slope* (see Fig. l52-b). 

2. W'heie hmdrooni is Hmitvdy setting a cuh. ert below streambed grade is likely 
to result in s(*dimentation and reduced waterway area, father use a low, wide 
culvei t such as a |)ip(*-ai'ch or rai.se the road grade. 

3. Under high Jills, anticipate greater settl<‘ment of the culvert iind(*r the center 
than at the sides of the fill, (live the culvert comber l)y laying the upsti'eam 
lialf nearly level and putting all the fall in the downstream half. 

•». Under high Jills, it may not be necessary to place the culvert at streambed 
level. If some i)onding is permissilile. tlie culvert can sometimes be placed 
in firm ground at a higher level, thus reducing the lengtli and simplifying 
re|)lacem<Mit, should that ever be necessary. 

5. In stccplff slopiag arms, as on hillsides, it is not always necessary to i)lace 
the culvert on the same steep grade. The culvert can be j)ut on the “critical” 
slope jind then i» si)illway or cutoff wall provided at the outlet to pre\'ent 
undermining. This keeps the culvert shorter and under shallower cover. 

0. On steep slopes, it is also possible to u.se a l)roken-back grade line under the 
fill, although this is less desirable. See Figs. 151, 152-f and 152-g. Or a drop 
inlet or catchbasin will heij) give the culvert a suitable slope. 

Remember the ideal grade line avoids silting and also avoids high velocities 
and scour. (See diapter 45 on Soil Conservation including riprap, end sections, 
ditch checks, spillways and other means of controlling scour.) 

Culvert Length 

The required length of a (advert depends on the width of the roadway or roadbed, 
the height of fill, tlie slope of the embankment. the'slo|)e and skew of the culvert, 
and the type (»f end linisli such as end section, headwall, bex eled end, drop inlet or 
spillway. 
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CULVERT GRADES 



(a) “Camber" under high fills 


^ __ 

^edimenf^ 7 IsJream grade 

Improved grade' 

(b) Anticipoting Sedimentation 


JZ 




Sediment 


Reduced 

waterway 
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|h) Cantilever Extension 


t A j A* .nrh condition ore essential to the safe functioning of ony 
Fig. 152. Proper culvert grades to fit eoch conowion orv 

culvert. 
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A culvert should l)e umply long so that the ends are not clogged up by sediment 
or covered over by a settling, spreading embankment. This results in impaired 
efficiency and increased maintenance. On the other hand, a culvert should not 
have the ends vvastefully exposed. 

A cross-sectional sketch of the embankment and a profile of the streambed are 
perliaps the best means of determining the length of culvert needed. In the absence 
of such a .sketcli, tlie length of a simple culvert under an embankment can be 
determined as follows: To the width of the roadway (and shoulders), add twice 
the sl()i)e ratio times the height of fill at the center of the road. The lieight of fill 
should be measured to the flow line if headvvalls are not to be used, and to the top 
of the culvert if headwalls or end sections are to be installed. 

Example: A roadway is 40 ft wide on top, two to one side slopes, and at the center 
of the road the height of till to flow line is 7 ft. 40-|-(4 x 7) = 68 ft length at flow 
line. See example in Fig. 153. 

If the culvert is on a slope of 5 per cent or more, it may be advisable to compute 
the sloped length. Fig. 154. However, fill slopes usually vary from the established 
grade stakes so that any refinement in computing culvert length may not be 
necessary. 


CULVERT LOCATION AND LENGTH 


247 


Beveled Ends 

A common practice on large culverts is to l^vel the ends. This m«y be a full 
height bevel or a partial bevel. Recommended bevels for Multi-Plate structures 
may he obtained from the manufacturer. Fig. 1 Tm. 

When the culvert gradient is more than about per cent, it is advisable to take 
this into consifleration in determining the required bevel for each end. Otherwise 
the resulting appearance may be unsatisfactory. 

Skew Angles 

Where a culvert crosses the roadway at other than a right angle, the skewed 
length should be computed. (Multiply the normal length by th(‘ cosecant of the 
skew angle). 

The ends of the structure may be cut to make them ])arallel to tlu‘ center line 
of the road. For correct fabrication of corrugated metal culverts it is (‘ssCMitial to 
.specify the direction of flow as well as the angle of the skew. This is parti(‘ularly 
true for pipes and pipe-arches with the invert paved, for structural ]>late pipe with 
lu'avier plates in the invert, for structuial })late pi}>e-archos and for arches. 

\\’here the ends of a eulvert are cut for both skew and bevel (known as ‘skew- 
bevels”), the manufacturer should be consulted as to strength limitations and lor 
other details so that a satisfactory installation will result On such skew bevels it 
i.s cu.stomary to secure the unsupported sections by meaijs of hook bolts imbeilded 
in headwalls or grouted riprap. 



Fig. 155. Beveled ends on a quadruple 150-10. diometer Multi-Plate culver! will fit the slope of the 
fill on New Mexico State Highway 180 at Warm Springs Creek, N. Mex. 
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* - -(J^of Road- 

Fig. 156. Entrance culverts should be long enough to allow a good turning radius and preferably con¬ 
tinue the straight alignment of the ditch. 


Speciol Problems 

tSuk road culverts arui culverts at farm entrances and in residential areas where 
side? ditches serve instead of curb and jjiutters, should be |)la(red in tlie nominal ditcdi 
line. They should be amply lon^ to permit an easy turn onto or off the main road. 
In many locations where the (juantity and velocity of water is small the culvert 
may be set l)ack from the ditch line and a shorter lenp:th be used (see FIk. lob). 

^\'he]’e good apitearance is essential or where a side ditch is hazardous, enclosing 
the entire ditch in a i)ipe may cost but little more and be much moie satisfactory 
than a short culvert or intermittent culverts. 

Equalizer culverts .are sometimes installed in low places where there is no (‘hannel 
for the water, but where it is desirable to have the backwater at ecpial elevations 



Fig. 157. A paved dry ford with bottery of four 36-in. pipet to corry ordinary flow on Scenic Drive, 
Davis Mountains, Texas. 
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on both sides of the fill. For this purpose the culvert can be placed at right angles 
across the road and with a level grade. 

Relief culverts. On sidehill roads or wherever a road inten'cepts surface water, it 
is well to drain the water to the lower side and. if possible, away from the road be¬ 
fore it can cause damage. Such relief culverts should generally be placed obliquely 
across the roadway to give the water more effective inlet and outlet. On long 
grades, storm sewers may be necessary to prev^ent overloading of the ditch. 

Siphons (inverted) are used to conduct irrigation water under a road wliere there 
is insufficient clearance for a culvert. Siphons must be watertight and can be made 
so by proper fabrication and joints. 

Paved Fords. On light-traffic roads and where overflow is infrequent, it is possi¬ 
ble to economize on bridges and large culverts by permitting the flood waters to 
pass directly over a depression in the road. A single or multiple pi|>e or pipe-arch 
(divert will handle all water except occasional flood flows. To prevent washout 
the embankment must he paved (Fig. 157), or the roadway protected by means 
of sheeting or buried steel bin-walls. 
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General Considerations. In the construction of a highway, drainage is one of the 
most essential elements to be considered. Three problems are involved: (1) 
disposal of surface water from the roadway section, (2) spanning of streams or 
man-made drainage channels and (3) elimination or control of subsurface water. 

Surface water on a highway creates a hazard to driving, which is aggravated if 
freezing occurs. It also (;auses erosion and expensive maintenance. It may seep 
into the subgrade, thereby robbing the roadway surface and shoulders of their 
support. 

Location Considerations. Early i*oads generally ff)llowed the ridges, the con¬ 
tours, or the valleys, with stream crossings and mountain passes as the control 
points. With heavier traffic came the need for straighter alignment, smoother 
grades and wider roadbeds. This recpiires deeper (!uts, higlier fills. Tliis also 
exposes greater areas wheie direct precipitation must be handled (see Fig. 158). 



Fig. 158. Surface drainage of New York State Thruway near Syracuse, N.Y. Each two-lane roadway 
measures 25 ft and is flanked by a 10-ft stabilized shoulder. Center mall is depreued.—Fairchild 
Aerial Photo. 
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Fig. 159. Typical cross-section of modern primary highways showing how surface drainoge is 
handled by crowning and sloping. 


The locating engineer and the designer, should know wluit efTe(‘t tlioir work 
has on the adjoining land. Present stream channels cannot he l)lock(‘(l to flood 
upstream property, nor should runoff erode bordering land. Natural stream courses 
should be altered as little as possilde unless to ini})rove conditions. 

Cross-Section of Roodway. A standard roadway cross-s('ction r(‘V(‘als several 
phases of controlling surface water (see Fig. 159). In a cut solution, tlu' road surface 
is first ^‘insulated” fiom water that falls on adjacent areas by ni(‘ans of a ditvh 
section. This may be supplemented by an interce])ting ditch or suhdrain at some 
point on or behind the Ijackslope, but only if surface runoff is excc^ssive. 

For excessive flow against a fill section, an intcrcei)ting dit(;h, sod, revetment, 
sheeting or a retaining wall will resist direct erosion (see Cliai)ter 45 on Erosion 
Control). 

Crown. Sloping the roadway to the side will shed the water from the path 
of traffic. For earth and low-type surfaces, the ci-owii recommended is about in. 
per ft of width of roadway; on high-type pavements, as little as 3^ in. per ft. 
Shoulders should generally slo[)e not more than 1 in. per ft. A common rnistnke 
is to have the outer edge of the shoulder higher than the i)avemcnt edge. 

A minimum longitudinal grade line of 0.5 per cent is desirable to provide ade¬ 
quate drainage lengthwise of the roadway. Steeper grades may be required in 
the ditch. 

Side Slopes. Rain or melting snow drained to the edge of the road surface will 
ordinarily flow over the shoulder in a broafl sheet or seri(*s of rivulets and down 
the side slope to a side ditch or the natural ground. Side slopes vary from 4 to 1 
on shallow fills to as steep as 13^^ to 1 on high fills. Vegetation or some form of 
erosion resistant material is desirable. 
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Fig. 160. California state highway with bituminous berm to divert water into a corrugated pipe 
spillway down a long side slope. 


Shallow Gidtcrs. Where shoulflers or side slopes jire easily eroded, an inter- 
eeptiriK curb and gutter may be built beyond the edp:o oi the i)avemont, piefpra])ly 
near the outer edKO of the shouldei so as not to restrict traffic. Fig. 100 sho\\ s a type 
of paved gutter used extensively on state highways in California. 

(\irbs and gutters are also used where side ditches are considered hazaulous or 
undesirable as in l)uilt-up areas, along parkways and on e\])ress higlnvays. They 
should be far enough from the traffic lane so vehicles need not travel in a trongli 
of w'ater. Lip curbs built to a height of 2 or 3 in. along the ])avement edge to pre¬ 
vent shoulder erosion were once popular but because of the hazard are no longer 
recommended. 

The design of gutters for capacity is the same as for triangular flitches on i)age 207. 
Usually the winter should be outletted down the embankment or into storm sewers 
at frofiuont inU'rvals, Clutters and curbs may both be built ot bituminous paving 
material, concrete, stones set in grout, or other erosion-resistant matei ials. 

Median Strips. On dual-lane or divided highways, the median stiip, giassed 
mall or island, may vary from a few feet to several hundred feet. Thirty to 40 ft 
is common, depending on w hether right angle or U-turns are permitted. The latest 
practice in most states is to depress the median strip if it e.xceeds about 20 ft in 
w’idth. See typical cross-section, Fig. lot). 

Depressing the median strip aids .surface drainage, serves as a storage space 
for plow^ed snow', and tends to keej) melting snow' and ice off the pavement. 

Large Paved Areas. At w'ide intersections, rotaries, interchange aj)proaches, 
airport runways and aprons, and large parking areas, surface water should be 
removed by crowning or w'arping the surface to conduct the water to low' areas or 
to the edges where various types of inlets or gratings will transfer the water to a 
storm sewer system. (Iratings mu.st be large enough to handle all of the water 
promptly and to allow the sewer to utilize its full capacity. 

Bridge Surfaces. On bridges or overpasses more than 100 ft in length the surface 
W'ater conductcHl to the edges of the roadway should pass through grates in the 
gut^r at intervals of 50 ft or at each bent or pier, discharging either into the air 
or into downspouts. Fig. 161. 
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Fig. 161, Surface water from high-level bridge between Toronto 
and Oshawa, Ontario, i$ removed by downspouts of 6-in, spiral 
welded steel pipe. 


For railroad bridges, see page 342 on Deck Drains, 

Side Ditches. Side ditches along a roadway serve to intercept surffice wat(?r 
from the roadway—pavement, shoulder and side slope. In a cut section they also 
intercept flow from the backslope. In snow country, the side ditch provides storage 
space for snow. Side ditches are of limited value in lowering the water table under 
a roadway. 

Where side ditches are objectionable or unsafe, it may be desiraltle to use a 
gutter, a stream enclosure or a storm drain. 

Ditches are usually V-sliaped or traf)ezoidal. The V-ditch can be made and 
maintained with a blade grader, and while this may be satisfactory for secondary 
or unimportant roads, f)roper erosion prevention measures and grassing of the dit(;h 
bottom sliould make this blading unnecessfiry. The trapezoidal ditch is a more 
natural shape and has greater caj^acaty. 



Varies 13' to 10' 


13'-0" Track Centers 



BALLAST SECTION 

Fig, 162. Drainage of surface water on a railroad track is accomplished by crowning and sloping 
the various surfaces. Typical ballast section for single or double track on tangent. After AREA 
Manual. 


CHAPTER TWENTY-NINE 

Raiiv/ay Surface Drainage 


General Considerations 

Drnina^jo is n'cojrnized as a major factor in tlie economical maintenance and 
operation of a modern, hij!:li s])eed railroad.’*' The prol)lem is threefold: (1) prompt 
r(‘inovaI of surface water from roadway tracks, yards and terminals, (2) diverting 
water from adja(aMit areas or crossing i)roperty witli culverts, stream enclosures 
and storm drains and (3) removing ground water with subdrains in order to keep 
roadb(‘d .and yards in stable condition for minimum maintenanet*. (l^irt 8 is 
discussed under Railway Subdrainage, page 828.) 

‘'It may be sjiid, therefore*, that a fundamental j)rinciple of railroad location, 
construction and maintenance is to keep the roadbed dry.”* 

Cross-Section of Roadway 

The cro.ss-section of a r.ailroad roadbed is designed to give prompt and proper 
remov.al of the rain or other precipitation. Fig. H>2. Water falling on the l)allast 
is intended to filter through to the crowned earth subgrade and then laterally to 
either side of the roadbed. If the ballast is foul, or if the ballast has been pounded 
into the subgrade, the water may not escape but remain in the roadbed and make 
it unstable, as discussed in the section on Subdrainage. 

In multi|)le track areas, including yards and terminals, surface water should be 
caught in shallow gutters and ditches and led to catchbasins and into culverts or 
storm dniins. Surface water should, in.sofar as possible, be prevented from soaking 
inb) tlie subgrade. Figs. 1()8-I(>4. 

At least a part of the niin and melting snow which drains to the edge of the road¬ 
bed t)r bei’ti^ will ordinarily flow down the side slo|)e to the side ditch or natural 
ground. The remainder may be absorbed bv the roadbed. 

♦AULOA Manual, ConimitUH' 1. Hoadway, See. V Roadway Drainage. 
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Intercepting Ditches 

In a cut section, the roadl)ed is “insulated*' or protected from water that falls on 
adjacent areas by means of a side ditch at the bottom of the cut or by an inter¬ 
cepting or diversion ditch at the top of the slf>po or by an intermediate berm, 
A fill section may also need f)rotection from flow against tlie l)ase by an intercepting 
ditch. Such ditches should be deflected away from the roadway to jirevent erosion. 

Ditches in long cut sections should be made wider to reduce both erosion and 
maintenance. The alternative is to protect the ditch with riprap or paving. Wide 
ditches reejuire less frequent cleaning, l^esides serving to store snow removed from 
the track. 

A method of computing required ditch sizes is given on page 206. For erosion con¬ 
trol, see pages 361-367. 

Much helpful information on drainage and related matters is given in the 
American Railway Engineering A.ssociation Manual, 1953 ICdition, ('hapter 1: 
Part 1, roadway cross section, roadway protection, roadway draiiuige; I’art 3, 
natural waterways, erosion |)revention; and I^art 4, culv(‘rts. 






CHAPTBR THIRTY 


Culverts Under Levees and Dikes 


General Considerations 

Levees and dikes are built mainly to keep floodvvatcrs and tides from inundating 
agricultural lands. Floodwalls s(?rvc the same j)uri)ose in urban areas. 

In flood time, levees are like dams in that they are sul)ject to extreme horizontal 
and vertical pressures, ])lus erosir>n due to cuiients and wind-wave action. How¬ 
ever, unlike a dam for which special foundation and seepage cutoff walls are 
provided, an agricultural levee is usually built without these precautions and often 
on soils subject to settlement. 

The precautions to be taken tlien in building a culvert under a levee include: 
(1) pi-oviding a reasonably satisfactory foundation, (2) giving the striictui’e '^cam- 
ber,” (li) watertight connections, (4) diaphragms or cutoff walls, (4) protection of 
the ends against erosion and (5) control of surface drainage and l)ackwater through 
the culvert by means of a valve or gate. (Sec Chapter 46 on Flood Control). 



Fig. 165. Vertical section of 
relief well and collector pipe 
as used on river levees. 
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3o'.o"i: 


Ciment Fondu Bulkheod 


jCiment Fondu Bulkhead 

A 






^Timber Bulkhead) • 1 ^ ^ 

{ I j ^ Grout Plugs 


Corrugated Metal Pipe " 
24 -0" X 60" Diam. 



Frame for Model 102 Armco Goto 
/ Grout 


LONGITUDINAL SEaiON 




6'-0" ** Grout Holes 


SECTION A-A 


Fig. 166. Lining a triple timber box under a railroad dike in Novo Scotia with 60-in. Asbestos- 
Bonded corrugated metal pipe, equipped with Armco Model ] 02 gates. Ciment Fondu is a quick¬ 
setting cement—Courtesy Railway Track A Structures. 


Culvert Design 

The size of a culvert under a levee is determined just as for any other location, 
(see paiiics 224-240) based on peak flood flow for a frequency of oiu'C in twenty-five 
or fifty years. This is based on the assumption that this flow can pass through 
th(‘ culvert unhindered by high water on the outside (<f tlie levee. 

When the water is higher on the outside than behind the le\'ce. tlie storm water 
or natural flow is impounded. For sewage, pumping may have to be I'esorted to. 

Fabrication of pipe foi* levee j)urposes generally includes shop strutting, the use 
of watci'tight joints, diaphragms, flap and slide headgates, and end sections or 
headwalls. Fig. 105. 

The use of perforated vertical drains and toe drains to relieve ground wat(‘r 
pressure back of levees and dams is quite common. 

Pipe Under Dams 

The capacity of outlet structures on dams depends iiartly on the purp()se of the 
dam.^ Many are built for impounding water in reservoirs or small farm ponds. 
The outlet of a farm pond may consist of only a 1}^ to 2-in. galvanized water 
I)ipe for stock water purf)oses. How’^ever, a well designed dam should have both a 
mechanical and auxiliary spillway.* See pages 3(59-370. 

The mechanical spillway of farm ponds and on soil conservation dams may be 
constructed of corrugated metal pipe designed to carry the runoff from the normal 
inflow of vs'ater. The auxiliary or grassed spillway carries the overflow from severe 
storms. 


REFERENCES 

1. Dams,” Natural Resources Com- 2. “Ihiild a Farm Pond for I’leasure and 

mittec, Washington, 1). C., U. S. Gov- Profit,,” by Armco Drainage & Metal 

crrimcnt Printing (Jflice, 1938. Products, Inc., Middletown, Ohio. 






CHAPTER THIRTY-ONE 


End Finish of Culverts 


Purposes 

There is a wide difference of opinion about the need for end finish on culverts 
and about the design and materials to use for that purpose. As a result the end 
treatment may vary from an ornate retaining wall to riprap])ing of the embank¬ 
ment sloi)es. End treatment may be essential or it may be added for appearances’ 
sake only. 

Among the princi])al needs are: (1) prev^enting scour and undermining, (2) pre¬ 
venting seepage and !)urrowing of animals, (8) retaining the fill, (4) anchorage for 
.short-sectional i)ipc, (5) hydraulic efficiency and (0) api)earancc. 

Preventing Scour and Undermining 

Occasiomilly it is necessary to protect the toe of a fill against an onrush of water. 
Treatment may consist of a headwall although paving the slope, ripraj)ping or 
sodding may be effective against erosion over a larger area. 

Moreoften, the oufirt end of a culvert is subject to scour and undermining. On 
steep grades, a pipe spillway, flume or apron may coialiict the water to a point 
W'here scour or und(*rmining cannot endangei the culvert oi the fill. Fig. If)?. See 



Fig. 167. Badly eroded side slopes on on eastern turnpike ore now protected by corrugated pipe 
spillways connected with curb inlets and culvert outlets. Flared metal end sections help to retard 
the velocity of the water. 
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Fig. 168. Heavy, uneconom¬ 
ical anchorage for a sectional- 
pipe culvert. 



Chapter 27 on Culvert Location The use of a eutoff wall at the outlet end will 
added protection aj^ainst underinininj;. 

Preventing Seepage and Burrowing 

Porous, granular fills around a eulveit inav encouia^e .seepM^;e unless sealeil 
off at the upstream end by means of ela> oi other impeia ions mateiiai. A small 
headwall or curtain w’all also helps prevent se(‘pa^e. 

Where small animals burrow alonj> the bain*! of a culvert, the chances for ii 
washout can lie reduced by the use of a headwall or by diaphragms at intermodiaUi 
points alonji; the barrel. See Fig. H)5. 

Retaining the Fill 

Ordinarily, lengthening a culvert is more economical than building a big headwall 
or retaining w all. On the other hand, there are cases w here it is impossible to jirocure 
sufficient right of way or where physical conditions make it inadvisable to extend 
the culvert to the toe of the fill. 

For these and other special cases, a retaining tyjie of headw’all of steel or concrete 
may be the answer. 

Anchorage for Sectional Pipe 

Short-sectional pipe does not have positive protection against pulling apart at 
the joints. As a result, jnogressive undermining of the end sections may occur as 
well as honeycoml)ing of the fill at any intermediate joints w liicli have {lulled apart. 
The use of heavy head walls tends to jirevent such disjointing. Fig. 1(38. 

W hen heavy headwalls are used, they should Ik* on suitable foundations. Other- 
wdse unecjual settlement of barrel and headwall may re.«ult in damage to either 
or both. 
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Improved Hydraulics 

The carrying capacity of a culvert can be increased by making it easier for 
the water to enter (and leave) the culvert. This can be done by improving the 
channel and/or by providing a flared or funneled end. 

Appearance 

Where roadsides are kept mowed and the ends of culverts are visible, the use of 
a simple, standard unobtrusive end finish adds to the general attractiveness of 
the roadway. While this applies particularly to expressways and parkways, it is 
generally true of state highways, principal county roads and where railroads 
parallel highways. 

Design Considerations 

Besides the foregoing f)ur[)oses of end finish on culverts, the designer sliould 
consider the following before choosing any particular end treatment. 

Headwalls should not be chosen either to mark the end of a culvert nor b) 
serve as a safety measure to kee|) a highway vehicle from running off into a stream. 
A sim[)le inexpensive marker can serve the first f)Ui 7 )ose. A protruding culvert 
headwall is a traffic hazard which is better handled by means of a flexible beam-t\'i)e 
guardrail. Fig. 109. 

From a maintenance stjindpoint, a protruding headwall also interferes with ma¬ 
chine mowing of we(Mls or grass, and, at roadway level, with snow removal. If 
painted, a headwall reciuires continual maintenaiice to kee)) it looking liglit. 

Other, desirable features of end treatment*includ(‘ reasonable first cost, ease of 
moving in case of changing conditions (salvjd)ility). and resistance to damage. 



Fig. 169. Safety, improved appearance and ease of mowing are features of this beveled end half 
headwall pipe-arch culvert and guardrail combination. 
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Fig. 170. Low headwali (ot top) provided by corrugated steel sheeting at ends of culvert. 
Fig. 171. Drawing showing how sheeting headwali is provided on a pipe-arch culvert. 


Materials Available 

Materijils roiuinoiily iisad for end troatniont on cadverts and pipo spillwayH 
include wood, concrete, steel, stone masonry, rubble imisonry, riprap and vej^eta- 
tion. Several of these are here descrilted. 

Sheeting. One practical form of end jtrotection consists of drivinjj; shet^tiriK as a 
cutoff wall at each end of a culvert, cutting!; it to rcceiN e the last section of the 
culvert barrel, and capping it at about the mid-diameter of the culv'ert, as shown 
in Fig. 170. This type of end finish is particulaily suited to large culverts which 
may have the ends beveled. The length of tlie sheeting ))elow the flow line should 
be one-half to one diameter of the culvert, with a minimum of 3 ft. [ConCd, />. ^6Vd 
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-*-Diom Connector Section 


7" for 12" to 30' Diam 
1 2' for 36 to 48 Diom 


Galvanized 

Metal 


Threaded 
R 


k Reinforced 
\ Edge 



// \ I ALTERNATE CONNECTION 

f/ _I ♦ _ For 12 through 24 only 

W-- -3^^ ? 

^ ^ Finish earth slope 

^_^ as required 

Galvonized Top _ , *'<■"<' 5‘’"P''"9 -^-^ 

Finish Plate ^’/a 1 Slope 



-Holes on 12' Centers—Max 


TYPICAL CROSS SECTION 


Fig. 1 72. Details of Armco metal end section for pipe culverts. 


TABLE 31-1 DIMENSIONS OF END SECTIONS FOR ROUND METAL PIPE 


Pipe 
Diam. 
in Indus 



Dinun'^ions in It 

ulu s 


G(U}i 

.1 

1 1 

// 

1 

ir 


r Toi 

Mar 1 

r Toi 1 

1 /i/7V>/ 

2" Toi 

12 

16 

I'l 

6 

6 

21 

21 

15 

16 

6 

8 

1 

1 2() 

30 

18 

16 

7 

0 

6 

31 

30 

21 

LL“’_ _ 


11 


3() 

42 

21 


in. 

12 

() 1 

12 

48 

30 


12 

15 

1 

5212 

00 

36 

_ T 

11 

18 

\) 

63 

72 

42 

12 

16 

21 


731, 

81 

48 

12 ““ 

18 

27 

12 

84 

00 


Toloianoes* lu nuuuifucturing cIuiumimous are shown at tops ot coluimi^j. 
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Figs, 174-175. Attractive appearance and non-interference vrith mowing and snow removal 
operations are features of these metal end sections. Top view is on a Minnesota trunk highway. 

[('onlimitul from }nuje ^‘’6’/] 

End Sections, Annco Motal lOiid Sections are shop fabricated for assembling 
in the field and attacliing; b) corrupited |)ipe cuh erts from 12 to 4<S in. in diameter 
and for pipe-arches from IS x II in. to 72 x 44 in. Dimensions and other data 
are Riven in Tables 31-1 ami 31-2, See also FiRs. 174 and 175. 

These end sections meet all the reepurements for efficient and attractive end 
finish on culverts, conduits, spillways ami sewer outfalls. They are attached 
to the culvert ends l)y simple bolted connectors and can be completely salvaRed if 
leiiRtheniiiR or relocation is necessary. They are in tlie standard specifications of 
state hiRhway departments, county road departments, railroads and others. 

Riprap. The slope at the end of a cidvert can be economically protected aRainst 
erosion by means of riprap. Stone riprap should })referably be sealed by means of 
Portland cement Rrout or asidialtic concrete. 

Sand flags filled with a dry sand-cement mixture (t part cement to 4 parts sand) 
make a neat and satisfactory end treatment. This can be vertical or sloped to 
fit the end of the culvert. 



CHAPTER THIRTY-TWO 


Design of Sewers for Size 


Combined or Separate Systems 

A sewer is an underj^rouiKl conduit or channel for carrying storm water or sani¬ 
tary sewage or both. A storm sewer or storm drain is in effect an elongated culvert 
or stream enclosure, either in a rural or an urban area. The benefits of an enclosed 
drain are: greater sanitation, improv-ed appearance, elimination of surface erosion, 
less interference to free and safe movement of surface traffic, and reclamation of 
valuable land. 

Modern municipal sewer systems may be classified into combinevl or separate? 
systems. Storm water and sanitary sewage may be carrietl in the same conduit or 
in separate conduits. Each system lias its advocates and advantages. Considera¬ 
tions include: required depths, obtainable slopes, possible cleanliness, lower first 
costs, replacements, and operation of sewage treatment plant. 

General Size Factor 

C^hange of land use has an important effect on the ])ercentage of rainfall that 
runs off as storm water. In rural areas, the clearing of land or the changing of 
ciops may cause an increase or decrea.se in flow. In residential, commercial and 
industrial areas, the runoff iiuToases as jeal e.state is developed and additional 
imjiervious roofs and paved areas are created. 



Fig. 176. Flooding of a city street because of inodeqoocy of a storm sewer. It is expensive to design 
for the heaviest rainfall ever likely to occur. 
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DESIGN PRINCIPLES AND PRAQICES 



Fig. 177. The designer asks, "Will the sewer retain its full carrying capacity during the projected 
life span of the structure?" View shows interior of 42>in. combined sewer at Columbia City, Ind. 
after two decades of service. 


ClianRes in types of industrial operations may in(;rcase or decrease the amount 
of waste waters dumped into sewers. Such tiiinss as air conditioninf?, domestic 
Karbape disposal and ground water infiltration can measural)ly increase the volume 
of flow in sewers. 

The cost of constructing a sewer to handle the largest possible flood should be 
balamrefl against one sufficient to handle a maximum flood flow of once in every 
ten or twenty-five years and ])aying for possible damages due to flcxaled l)asements. 
Wliere sanitary sewage backs u|), there is always the danger of epidemics of disease. 
Flooded streets may interfere with traffic and with business, but may not be too 
serious if infrequent and only for very short periods. Fig. 170. 

The designer should i)rovide adequate facilities for handling not only present flow 
but for the entire projected life of tlie sewer. Fig. 177. This required capacity generally 
needs to be greater at the end of the life of the sewer. Sin^h things as possitde 
structural faulting of the sewer, heavy deposits in the l>ottoin and increased 
ground water flow should be given consideration in the original design. 

Rational Method of Design 

Rainfall and runoff have been di.scu.s.scd in Chapter 23, i)ages 195-205. The 
rational method of computing runoff is used by many cities, the formula being: 

Q^AIR 

where 

Q = rate of runoff in cu ft per sec=l acre in. per hour 

A =area to he drained, in acres 

7 = percentage of imperviousness of the area (see Table 23-5, p.age 201) 

/2 = maximum average rate of rainfall over entire drainage area, in in. per hour, 
which may occur during the time of concentration (see page 200) 
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ExQTfiplc' Assum© that storm water intercepted by inlets at an intersection is the 
runoff from half of two city blocks plus the street, the total area beiiip; 3 acres. 
Also that one third of this area is covered with pavements, walks and roofs with 
a runoff factor of .85, the remaining two-thirds being lawms w ith a runoff factor of 
.15. Also assume that the time of concentration is ten minutes. 


7 = 


(lX.85)-f(2X.15) 


3 


= .38 average imi)erviousness 




105 


^Tis'^ 10+15='’ “ 

0 = 3X.38X4.2 = 4.8 cu ft per sta* 

Many designers use a maximum of 2 cii ft per sei^ per ac.re. 


Sewage Flow 

Domestic scw’age can roughly be determined l)v the amount of water ]mmpcd 
by the public water supply systc^m. The average water consumption in the Ibiited 
States is about 100 gallons per person per day. This vuies consiilerably for dif¬ 
ferent communities. Topography determines the draiujige* area s(‘'-v'ed by each 


*By Talbot for eastern United States; IIkm’i* are iiiiiny variiitio is of this forimiia. 
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TABLE 32-1 SEWAGE FLOW FROM DIFFERENT CLASSES OF DISTRICTS 


District 

Gallons 
per Capita 
per Day 

Gallons 
per Acre 
per Day 

Buffalo, N. Y. From Report of International Joint (’om- 
missioii on the Pollution of Boundary Waters: 



Industrial: Metal and automoliile plants. Maximum ... 


13,000 

Industrial: Meat packing, chemical and soap. 


10,000 

()0,000 

Commercial: Hotels, stones and office buildings. 


Domestic: Average. 

SO 

Domf^stic: Apartmemt houH(‘.s . 

147 


Domestic: First-class dwellings. 

129 


Domf'Kt.ie; Midjlle-elasH rlwfJlings ... 

SI 


Domi^stic: IiOwest-(dass dwellings. 

35.5 


Cincinnati, Ohio. 1913 Report, on S(‘W(‘rag(‘ Plan: 



Industrial, in addition to r(\sident ial and ground water.. 


9,000 

Commercial, in addition to residential and ground water. 


40,000 

Domest ie. 

135 


Detroit, Mi<Ji.: 


Domc'stic. 

228 





Arrunged from data by Kenneth Allen in Miitiietpal Engineer’w Journal, Fel). 1918. 
Fnmi “Sewerage and Sewage Treatment,’’ II. 1'^. Ilablntt. 


8cwer line, so that the average daily flow of domestic sewage in gallons per day is 
obtained by multiplying the miml>er of people living in tlie area by the daily water 
consumption pei^ capita. The maximum flow for which the sewer must be designed 
occui’s during peak hours which may be determined by weir measurements. 

Allowance should be made for population increase. Clround water infiltration 
is also a factor, tlie amount of which varies with the depth of tlie sewer l)elow 
water level, perviousness of the soil, tightness of joints, cracks and other factors. 
“Under favorable conditions, infiltration may l)e as low as 5,()()() gallons per day 
per mile of sewer. However, under other (conditions, it may be more than five times 
that amount. Instances have occurred where the entire sewer lias been filled by 
ground water.”^ It is becoming the practice to liase infiltration on area served—a 
nominal figure being 1,000 gallons per acre per day. 

Commercial and industrial sewage flow can usually be measured or approximated 
and allowance be made for expansion of industry. Table 82-1 shows typical flow 
rates from different classes of districts. 


1. “Sewerage and Sewage Treatment," by Win. A. Hardenl^ergh, 1950. 




























CHAPTER THIUTY-THtieE 


Hydraulics of Sewers 


Factors That Affect Flow 

Having computed the amount of flood and sewage flow, it next becomes neces¬ 
sary to determine the size of sewer required to handle that flow. l‘\ictors that af¬ 
fect the flow of water by gravity through sewers are: (1) entrance loss, (2) velocity 
head of approach, (3) outlet condition, (4) disturbances such as infiltration, inlets, 
contractions, enlargements and bends and (5) internal friction. 

1, 2, Entrance loss and velocity head of api)roach, both of wliicli are small as 
compared with friction losses in long lines, are here considered as being of compen¬ 
sating effect and of practically no importance in determining sewer sizes. 

3. Outimt Condition 

The outlet condition, whether “free” or “submerged,” influences the capacity 
of sewers. (See pages 218, 231 on culv’crt outlets.) Sewers discharging into man- 
lioles or open streams where there is no backwater, are said to have “free outlets.” 
The capacity of the sewer is controlled by tlie amount that (am ent(n’ the pijx* at 
the intake. Under these conditions the ])ij)e cannot flow full. See Table 33-2, 
page 278, for determining (\*i|)acity of various sizes of pipe. 

On tlie other hand, where seweis ai*e laid on relatively flat slo])es or are subject 
to backwater, the “submerged” outkd condition prevails and the conduit ca,n run 
full (see Table 33-3). 



Fig$. 179~180. Capacity of any sewer depends on tightness of joints ond exclusion of sediment. 
Theoretical values of flow coefficient are meaningless in coses such as those shown here. 
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4. Diiturbanem Faeforg 

Most sewers are not installed under ideal conditions and therefore are subject 
to some or all of the following “disturbance factors” (see Figs. 179-180) which 
vary in magnitude with the different types of construction: 

1. Rough, o|)ened or offset joints. 

2. Poor alignment and grade, due to settlement, or lateral soil movements. 

3. Sewage, sediment or other soluls carried in suspension which may become 
lodged in the pipe. 

4. Contraction in size due to sediment or other deposits in the bottom due to 
carelessness in laying i)ipe which permits mortar to form a dam at each joint. 

5. I'^nlargement at manholes and junction chambers causing eddying and de¬ 
posit of solids due to decreased velocity. 

6. Retarding effec^t of bends or sharp turns at manholes. 

7. Retarding effect of tree roots, joint compound and other protrusions. 

8. Flow from laterals and infiltration at joints and cracks. 

Proper selection of materials, adequate design, and careful installation help to 
minimize these fac'tors although service and age usually aggravate them. Regular 
and freciuent sewer inspections will show up any of the above conditions that may 
l>e class(Ml as disturbam^e fnctors. 

5. Itttmrnal Friction 

In the basic hy'draulic formula 

Q^AV 

Q = discharge or required capacity 
.4= end area of the se\yer 
r = velocity of flow 

Tlio velocity of flow varies with tin* fricrtion of the fluid against the wetted in¬ 
terior of the sewer as well as with tlu* distuil)ance faidors listed above. 

As the size of a sewer incr(*ases the wetted perimeter increases directly with the 
diameter whereas the cross-sectional area increases as the s(juare of tlie diameter. 
C"onse(piently the effect of fi iction probably becomes less as the diameter increases. 

The coefficient of friction, known as ri, is used in eitlier Rutter’s or Manning’s 
formula. It varies for different materials as well as for the disturbance factors 
under different service conditions and length of service. Values of n have been 
determined experimentally for a few diameters for a limited number of ideal lab¬ 
oratory conditions such as with clear water in long, straight lines with controlled 
velocities. 

Selecting a Value of n 

Should the designer use a value of n based on tlie new and ideal condition of a 
sewer, or sho\dd he use a more realistic value based on the anticipated condition 
of the sewer at a later date? Should he, as in other design work, allow a factor of 
safety to [)rovide for the uncertainties an<l varial)les on which the factor n is 
based? For example, sedimentation (Fig. 180) and infiltration, described on page 
268, can easily rob a sewer of a considerable portion of its capacity. 

I^iboratory and field tests indicate that for galvanized corrugated metal pipe 
(riveted construction) a fair or av erage value of w = .021. (Test values have ranged 
from .019 to .024). P\)r a smooth a.^phaltic surface, the value of w = .009 to .011. 
If the interior of a conduit consists of two different kinds of materials, the accepted 
practice is to use a direct weighted value of a based on the percentage of the 
periphery covered by each material. Table 33-1. 
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TABLE 33-1 COEFFICIENT OF ROUGHNESS n 
FOR LONG PIPE LINES 


Straight Uniform Pipe 

(No Disturbances) \ 

1 

Us 

ual Design Cases 

n 

Material 

Mmlified n 

Material and 

Serrice Condition 

,009-.011 

Smooth asphaltic lining 

1 

Smooth asphaltic lining 

.012 

IJnplancd lumber and or¬ 
dinary iron pipe 

.015 Min.* 

Concret(‘ and vitrified clay 
pi{>(* for sewers with man¬ 
holes, inlets, (dc. (good 
alignment) 

.013 

Con(‘rete and vitrificMl clay 

more than 

Vitrified clay suhdrains with 


pipe with good alignimail 

.015 

open joints 


and smooth joints 

.019 

PavcHl-Iiiveil pipe sewers 

.015 

.021 

Ordin.iry l)rick work 
Corrug;it(‘d metal 

or l(‘.ss 

1 

(smooth bottom) 

.025 

(Ctinals and rivers in good 
condition) 

.019 

Corrugated metal suhdrains 

.030 

(Canals and rivers in aver- 
ag(‘ condition) ■ 

.021 

Corrugated rmdal storm 
drains (plain galvanizeil) 


♦From article by ('has. W. Slieriiuui of Melinilf and Fddy published in KnuincvrinQ Nvws~ 
Record, Vol. 95, p‘p. 4d4-0. 8ept. Uh 1925: 

“When allowance for deposits and for resistances to flow resultiufi from erilarKements at 
manlioles. changes ot <lirection, entrances of brunches, etc., must be consider(*d, a value of n not 
less than .015 should be used in design. Since these factors arc rarely absent, this value should 
generally be used.” 





Fig. 181. A tmooth bituminous pavement in the bottom segment of the pipe aids the flow materially. 
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For Armco sewer pipe, the smooth bituminous pavement covers 25 per cent or 
more of the pipe periphery. See Fig. 181. By calculating a weighted value of n 
for various percentages of pavement, a combined value of n can be determined or 
selected. This is demonstrated in the following example. 

Example: A galvanized corrugated pii)e is paved for 25 per cent of its periphery. 

The value of n is compiite(l: 

.75 X.021 =0.010 
.25X.011=0.003 
Adding, w = 0.019 


Example: A value of n = .017 is sought 

yy = per cent galvanized 
100—// = i)er cent of |)eri|)hery paved 


I/X.021 KMW 
100 ^ 100 


.017 


.021?y-.011//=1.7-l.l 

.010/y=0.0 

/y = ()0% galvanized 
1.0-‘?/ = .4 = 40% paved 


Because corrugated lueinl pipe resists disjointing and remains more watertight 
against infiltratif)n of ground water, tliere is greater likeliliood that the value of n 
will remain nejirly constant throughout the life of the pi|)C. Many engineers ex¬ 
perienced in the use of corrugated metal pipe sewers use etpial values of n in de¬ 
signing corrugated metal and other tyiies of |)ipe. The reason is that they consider 
the many other important factors which affect pipe caj)a(aty and therefore require 
no size differential which might result by considering the value of n as the only 
criterion. 

Tlie designer who realizes tlie shortcomings of flow formulas and who attem])ts to 
get a satisfactory installation through enforcement of prjictical s})e(;ifications, is 
likely to end up with a more serviceable sewer than one who si)lits hairs on formulas 
and overlooks the numerous other factors. 


Determining Storm Sewer Sizes 

The following diagrams and tables are for convenience in designing storm sewer 
sizes: 

Fig. 182 (p. 273). Chart for solution of Kutter’s formula., h)r circular sewers flow¬ 
ing full on various slopes (for various values of u). Kutter’s formula has been ex¬ 
tensively used in the past, but has been largely superseded by Manningls formula 
because of greater simplicity. 

Figs. 183-186 (pp. 274-277). Charts based on Manning’s formula showing dis¬ 
charge for circular pipe sewers flowing full on various slojjes, for value of w = .015, 
.017, .019 and .021. 

Table 33-3, p. 279. Solution of Manning’s formula to obtain discharge of circular 
pipe sewers flowing full, for value of n = .013 to .021. It is necessary to multii)ly 
the values in the table by the square root of the slope to obtain the discharge. 

Charts and toble apply only when the flow has reached a constant velocity. 

Example 1: Assume a 48-in. pii^e sewer with a value of n of 0.015 on a slope of .006 
ft per ft. (Submerged outlet condition.) What is the discharge capacity? 

[Texl continued on page ^80] 



Slope $ in Feet per 1000 Feet 



Velocity y in Feet per Second 




Discharge — in Cubic Feet per Second 

Fig. 183. Discharge for circular pipe sewers flowing full, based on Manning's formula, for n = .015. 
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DisclKir9e — in Cubic Feet per Second 

Fig. 184. Discharge for circular pipe sewers flowing full, based on Manning’s formula, for n = .017. 


























































































































































































































































































































Discharge — in Cubic Feet per Second 

Fig, 185, Discharge for circular pipe sewers flowing full, based on Manning’s formula, for n = ,019. 



































































































































































































































































Discharge — in Cubic Feet per Second 

Fig. 1 86. Discharge for circular pipe sewers flowing full, based on Manning’s formula, for n = .021, 
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[Coni'd from page 272] 

Solution: Entering]; the left hand column of Table 33 -3 at the 48-in. diameter and 
reading lu)rizontally to the value of w = .015, vve get a value of 1245. Multiplying 
tins value })y the sfjuare root of the slope—.00() (Table 65-19, p. 506), we get 
1245X.07746 = 96 cu ft per sec. 

Example 2: h'or the same conditions as in the foregoing example, but with a free 
outlet, what will be the discharge capacity of this sewer? 

Solution: lOntcring Table 33-2 with a value of 0.6 per cent slope and reading to the 
right to a pipe size of 48-in. diameter, we obtain a discharge value of 82 cu ft per sec. 

Example 3: Assume that a storm runf)ff of 250 cu ft per sec. has been computed by 
the use of the rational formula. Free outlet conditions and a maximum slope of 0.3 tt 
per 100 ft are obtoinable. What size circular sewer can handle this flow? 

Solution: Entering Table 33-2 with a value of 0.3 per cent slope, a 78-in. pipe is 
recphred to handle this flow. 

Determining Sanitary Sewer Sizes 

AltlK)Ugh the specific gravity of sewage is undoubtedly heavier than that of water, 
no distinction is made in the hydraulic* design of sanitary or (U)mbine(l sewers as com¬ 
pared with storm sewers. The methods of design described on the preceding pages 
apply ecpially well to sanitary, combined or storm sewers. 

In regard to refinement in design, the following statement is made by A. P. Fol- 
w(*ll in his book on “Sewerage”: 

“The uncertainties necessarily existing in the estimates of the amount of sewage 
to be provided for- and the difficulty of selecting just the proper value of n, owing to 
tlie non-uniform character of the interior surface of tlie sewer, make a refinement of 
calculations out of keeping with the data used.” 


TABLE 33-4 RELATIVE VELOCITY AND DISCHARGE FOR VARIOUS DEPTHS OF FLOW 
Circular Conduits (Folwell) 


d 

Depth 

V 

^yetled 

Perimeter 

a 

Area of 
Floiv 

u 

Hifdraulie 

Radius 

2\/l{ 

Hjl KutieP 

Cnrreeted 
Propor- 
lion at 
Vetoeilies 

.s Formula 

Correeted 

Propor¬ 

tional 

Disehar(je 

Full 1.0 

3.142 

0.78.54 

0.25 

1.00 

1.00 

1.000 

0.05 

2.001 

0.7708 

0.280 

1.07 

1.11 

1.008 

0.0 

2.108 

0.7445 

0.208 

1.00 

1.15 

1.073 

O.S 

2.214 

0.0735 

0.304 

1.10 

J.IO 

0.98 

0.7 

1.083 

0.5874 

0.200 

1.08 

1.14 

0.84 

0.6 

1.772 

0.4020 

0.278 

1.05 

1.08 

0.07 

Half 0.5 

1.571 

0.3027 

0.250 

1.00 

1.00 

0.50 

0.1 

1.300 

0.2034 

0.214 

0.03 

0.88 

0.33 

0.3 

1.150 

0.1081 

0.171 

0.83 

0.72 

0.19 

0.25 

1.047 

0.1530 

0.140 

0.70 

0.05 

0.14 

0.2 

0.027 

0.1118 

0.121 

0.60 

0.50 

0.09 

O.l 

0.643 

0.0408 

0.0635 

0.50 

0.30 

0.03 

Empty 0.0 

o 

d 

0.0 

0.0 

0.0 

o 

d 

0.0 
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Sewer Appurtenances 


Storm Sewer Inlets 

An inlet is an opening for admitting storm water runoff from a street gutter, 
on/or adjacent to an airport runway or taxistrip, or at a low point in a higliway ditch 
or railroad yard. 

Street gutter or curb openings are usually located at street intersections to inter¬ 
cept the water before it reaches pedestrian crossings. Gratings or bars piovent large 
objects from entering the inlet, but may be clogged by leaves or trash during a 
storm. Considerable research has been done in recent yeai s as to length, width ami 
height of opening, deflection ribs in gutter, kind of grating and location. Fig. 187. 

On airport runways and taxiways, surface water is drained off either (1) thrf)ugh 
a previous backfill along the edges and picked up by subdrainage pipe (see pag(‘ 34S). 
(2) through a continuous grate along the edges or (3) through grates located at 
simi))s in the runway or in the grassed areas at the sides. 

At the ends of highway bridges and overpasses, and at l(>w places in paved flitches 
or curb and gutter sections, various types of inlets are used, generally attached to a 
pipe spillway. 

Large areas such as railroad yards, and single or multiple tracks in long cuts may 
require grate inlets at intervals to remove storm water from the sui’facc. 1 hose Ire- 



Fig. 187. Deflecting vanes in a gutter are helpful In getting water to flow into a side inlet. How- 
ever« they are usually not as effective in removing water as a grate with ribs parallel to the curb. 
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Figt. 188-189. Two types of corrugated manholes. One at left, along Bronx-Whitestone Express¬ 
way in New York City has stub connections at various levels. One at right is joined to the top and 
side of an industrial sewer at Dayton, Ohio. 


quently consist of corrui^ated metal “risers’\varying in diameter from S to 36 in. 
See Fig. 164, page 255. VV’here catchbasins are desired to trap solids, these may be 
supplied as shown in h^ig. 191. The base may be of concrete or may be of metal 
welded to the bottom. 

Standard and Special Fittings 

Standard fittings such as tees, saddle branches, wyes, elbows and reducers are 
available for all tyites of corrugated mettil sewers. T>’j)ical T and Y-bra.n(^hes and 
other fittings are shown in Fig. 190, Special fittings with various outlets and con¬ 
nections can readily be fabricated from corrugated metal. 

Saddle branches for house connections on sjinitary seweis, or as junctions to larger 
sewers, may be either welded on at the plant or may be prefabricated and attached 
in the field. See Fig. 194. 

Manholes 

Manholes pi’ovided with cast iron frames and covers are pi’irnarily for the purpose 
of giving access to the sevvei’ from the street to provide h)r easier inspection and 
cleaning. They are usiuilly located at street intersections, at changes in alignment 
or grade and at intermediate points of 300 to 500 ft. 

Twenty-four inches is the usual top diameter, enlarging rapidly to about 4 ft in 
diameter, although 3 and 5-ft diameters are not uncommon. Larger sizes of mono¬ 
lithic construction may be used as junction chambers where two or more large 
sewere merge, or where gates, flush tanks and other regulating devices are required. 

If the sewer is carried through the manhole, this is done with a half circle pipe 
w'ith a floor at the springing line to serve as a platfonn for workmen. The manhole 
is generally centered on the .sewer. However, on large sewers, the manhole may be 

[Continued on page 286] 
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ore equal or less than barrel 
diameter D. 

Fig. 190. Standard fittings for standard corrugated pipe and Hel-Cor perforated pipe. 

Notes: All fittings are furnished in as short lengths as possible but with suffieicnt length for 
atta(;hing standard eonneeting bands. 

Bends up to 5° ran be made in one or two standard ronneeting baiuis due to their flexibility. 
C’onnecling bunds are corrugated to match corrugations in the pipe and insure strong joints. 
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SIDE VIEW OF CATCHBASIN 



PLAN AND CROSS SECTION OF GRATE 

Fig. 191. Design for corrugotod mofol cotdibasin, with details for cast iron grate. 
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Fig. 193. Watertight coupling on corrugated pipe, using rods and lugs. This type is used on aerial 
sewers, levee culverts and wherever “bottle-tightness” is required. 

\CouHiiu(‘d from jHiye 

ut one side to permit workmen to reach the bottom without a special ladder. See 
Fiji;. 189, page 282. 

.Manholes are commonly constructed of corrugated metal, brick or concrete, or 
combinations of these materials. Metal manholes are usually i)rcfabricated and can 
(juickly l)e set in place by means of a light crane. See Figs. 188 and 192. 

Sewer Joints 

Standard corrugated pipe, usually in lengths of 20 ft, has shop riveted circumfer¬ 
ential seams at 2-ft intervals, and longitudinal seams. Where pipe sections or 
tings in sewer lines ai’e joined together, several different types of joints or (connec¬ 
tions aie available. The degree of watertightness is controlled partly by the type 
of (construction and partly by the material as to whether galvanized, bituminous 
coated or asb(»stos-bond(^d. 


Saddle Plate 



Side View of Sewer 
with Saddle Branch in Place 



Fig. 194. Saddle branch, bolted to main sewer, en¬ 
ables laterals and house connections to join the sewer. 
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Fig. 195. Repairs to existing 
sewers may consist of com¬ 
plete relining or just half- 
soling. Workman is tighten¬ 
ing an internal expanding 
coupling band. 






1. On(‘,~piece, Boiled. Usually 8 to 5 corru^;:itioiis wide (7}/2 to 1 'A in.), this type of 
coupling is siitisfactory for storm drains where only moderate watei tightness is es¬ 
sential. (Inexpensive gaskets may be added for additional watertightness.) For 
diameters larger than 48 in., the coupling may be in two i)arts to enable drawing 
it up for a tighter fit. See page 73. 

2. Two-Piece, Half Riveted, By shop-riveting half f)f a two-piece coupling baiul to 
the lower half of one end of the pipe section, it is easier to join pipe in a trench oi- a 
wet area. The top half is bolted at the sides. 

3. Two-Piece, Both Riveted. The half riveted is usually pieferable to the joint 
where both halves are shop riveted to the pipe. 

4. Watertight. See Fig. 193. This joint is made with a coupling band without 
the usual angle flange. Rods with threaded ends are put through si)ecial '‘silo"' 
lugs and tightened by means of nuts. This type of construction has been found 
satisfactory for levee culverts, dam and farm pond outlets, aerial sewers and 
wherever watertightness is a consideration. 

5. Inside Expanding or Outside Contracting. For relining existing sewers, an in¬ 
side expanding or an outside contracting band, with angle flanges riveted to the 
in.side are used to join the pipe from the inside. Sec Fig. 195. 
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Fig, 196. Subaqueous outfall sewer being lowered into tidal river at Jacksonville, Florida. The 
seams were close*riveted for watertightness. 


0. Fidd Riveted or Batted. This tyjK of ronnortion is made on jackinp; jobs and on 
some larjiie threading; jobs when* it is necessiiuy to apply j^reat pressure to the end 
of the pipe to move it into place. 

7. Clo,se-Riveted, Soldered and Bitiuoinoos Coated. Used only on siphons and irri- 
j»:ation lines to assure waterti)i;htness. 

S. Malti-Flate. These jnintsare la.|)ped and bolted toj»;ether. \Vh(*re vvatertight- 
ness is re(iuir(*d, a bituminous gasket can be inserted. On siphons, the seams can 
be weld(*d. 

Joints on metal sewers !ire generally as strong as the remainder of the pipe, and 
they minimize or eliminate infiltration of groumi water and suction of sandy or silty 
backfill wliich could lesult in undermining and failure. 

Sewer Outfalls 

Stoiin sewers and outlets from sewage treatment |)lants generally discharge into 
streams, lakes or bays. If the line extends across swampy, unstalde soils or is sub¬ 
ject to the direct impact of flcKhled streams, some special construction may be neces¬ 
sary to avoid disastrous settlement or lateral movement of the outfall end of the 
sewer. Cradling is not used except in unusual cases. An aei ial sewer as described 
elsewhere, or the use of |)ile bents to supiiort the sewer may be needed. Steel sheet¬ 
ing helps prevent undermining. 

Protection against floating debris, drifting beach sands and ice may be provided 
by sliecting, retards or other de\'ices. Heavy monolithic headwall structures are not 
usually needed or desired becau.se they may settle and thereby damage the sew’er. 

Subaqueous sewers may have to be weighted with heavy concrete blocks to keep 
them from moving. Fig. 196. 

Sewers pa.ssing through wet, unstable sub.soils can sometimes be stabilized by 
means of a line of subdrain pi|)e under or at one side to lower the ground w'ater level. 
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Sewage Treatment Plants 

The modern sewage treatment plant requires several thousand feet of sewer pipe 
and pressure pipe as well as many control gates. Asbestos-Bonded corrugated metal 
pipe is gaining in favor for the first use. See Fig. 178, page 267. Welded steel pipe 
serves for the force mains. 

Oxidation of sewage is generally obtained by passing the effluent from primary 
treatment through a trickling filter bed. Such filters consist of a bed of broken 
stone, slag or other coarse material 3 to 10 ft deep, and from 40 to 60 ft and larger in 
diameter, partly buried. Both standard riveted corrugated sheets and corrugated 
structural plates have been used satisfactorih' in the building of such filters. 
Fig. 197. 

Perforated corrugated metal pipe is used in connection with some of the subsur¬ 
face filtration processes. 

Septic Tanks 

For dwellings not served by public sewerage systems, the septic tank is still con¬ 
sidered “an ellicient, economical and wholly satisfactory method of sewage dis¬ 
posal.”* Septic tanks of sheet steel have been used for decades and found sat isfac¬ 
tory and economical. However, the use of Asbestos-Bon(I(‘d steel gives greatly im¬ 
proved corrosion resistance, based on tests at the University of Illinois from June 
1947 to July 1950. “It may be concluded from these observations that the use of 
Asbestos-Bonded steel will result in a long life for a septic tank.’’* 

House connections may be of Asl)estos-Bonded pi})e. h'or the drain field assem¬ 
bly, perforated corrugated metal pipe may be used. 


*“An Investigation of the Perfornianco of Small Septic Taiiks,” by 1C, U. Kaumann and 
H. E. Babbitt, Univ. of 111. Eng. Experi. Station Bull. Series No. 40U, Feb. 11)511. 






Fig. 197. Large tonki of standard corrugated theeH or structural plates are used for trickling filters 
ot sewage disposal plants. One shown here is 35 ft in diometer. 
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DESIGN PRINCIPLES AND PRACTICES 


Fig. 196. Conversion of a box culvert 
Id sanitary sewer service with the aid 
of a flume or half>circle sections of 
Asbestos'Bonded corrugated metal 
pipe. 



Sewer Maintenance and Repairs 

Sanitary s(nv(*rs are a r(‘hitiv(‘ly modcM-n development. Many were built around 
the boKinninK of the Twentieth (^mtury, as were also storm sewers. These have de¬ 
teriorated to such an extent tliat numerous repairs and replacements are becoming 
the j)r()blem of many communities. 

A cleaning of all sewers, followed by a thorough inspection, especially of the sizes 
30-in. and larger would be valual)Ie. Such inspection would reveal bad joints, cracks, 
erosion, poor connections and l)ad settlement or misalignment. Many sewers could 
Ix! repaired or salvaged l)efore failure requires ciomplete replacement. 

I )eterioration of the sides and top of large an^h and pipe sewers can be repaired in 
st'veral ways. One method freciuently used is to reline the structure with a corru¬ 
gated metal arch or j)i))e and then fill the voids between the two structures by 
pum])ing in a weak cenumt grout. (1:4). See Fig. 195. 

\\’herc just the invert has worn through and the remainder of the structure is in 
good condition, it may be possible to “half-sole” the invert by using half circle plates 
with a bituminous paved invert. Attaching the old to the new may be done by drill¬ 
ing holes in concrete and inserting expansion bolts through the metal invert and 
grouting them in the hol(*s. Fig. 198. 

Damage due to explosions in concrete or masonry sewers may sometimes be re¬ 
paired and not re(iuire a complete replacement. If the invert is sound, crown plates 
of corrugated metal can replace tlie arch of the sewer or reinforce it sufficiently. 


SUPPLEMENTARY READING 

*'Review of Storm Drain Inlet Design Material/' by G. S. Tapley, Bureau of Eng. City of Los Angeles, 
Colif., Dec. 1946. Mimeographed, illustrated report. 

"Design and Capacity of Gutter Inlets," by N. W. Connor, Prof, of Fluid Mechanics, North Carolina 
State College, Engineering Exp. Sto. Bull. No. 30, July 1945. 

Unpublished report on studies of grating inlets by University of Illinois and Bureau of Public Roads. 





CHAPTER THIRTY-FIVB 


Part Circle Culverts 


Storm water in the larger towns and cities is cared for mostly by curbs and gutters 
from which the water is discharged into storm sewers. In the smaller towns and 
boroughs and in outlying districts of larger cities, street water is carried away in 
surface ditches and may not be connected to a sewer system. Tlie sizes of tliese 
ditches can be determined as for highways. 

Drainage at Paved Intersections 

In some cases, the practice still is to carry surface water across intei*se(d-ions in a 
dip or valley. These dips are a luizard to traffic at all times and unpo|)ular with 
])edestrians in wet weather. There is a definite daTigc'r where fast traffic such as 
emergency vehicles cannot be expected to slow down. 

A popular and economical solution to the problem, where excessive amounts of 
water are not encountered, consists of corrugated metal i»art circle culverts built in 
the depression and coveied with a pavement. Fig. These part cin^les have 
their edges resting on small angle irons set in a concreUi or masonry base, or on a 
corrugated or flat metal base. The intake and outlet may be in the gutter, or the 
construction may be such that it docs not restrict the width of the street. 

With as little as 2 in. of cover over them, they develop strength to witlistand 
traffic loads and imjiact satisfactorily. However, if rigid type pavement is used, a 
thickness of 3 or 4 in. is desirable to minimize the i)avement cracking. 



Fig. 199. Part circle culverts provide surface drainage at street intersections with minimum interference 
to traffic and pedestrians. This installation is in Glendale, Calif. 
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TABLE 35-1 GAGES OF PART CIRCLE CORRUGATED CULVERTS 
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DESIGN PRINCIPLES AND PRACTICES 



Note: Minimum gages shown on chart are for traffic conditions. 12 gage corrugated may be used under sidewalk areas for all sizes. 
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Example: Find the area for a part circle section with base 24 in., rise 10 in. 
Solution: Where the 24-in. base line intersects the 10-in. rise line, follow to 
right and read 1.12 sq ft. 

Fig. 200. Areas of port circle arches. 


Part Circle Culvert Sizes 

Part circles are made up in standard lengtlis of 25* 2 ***•> which when lajtped, 
make a length of 2 ft even. The lengths are not l)olted; the pavement holds them in 
place. See Table 35-1 and Fig. 200 for sizes and areas. 

How Installed 

Installation of part circle culverts is as follows: In a properly prejjared treiufh, a 
concrete or metal base is placed. If a concrete base is used, a pair of angle irons is set 
or grooves are formed to take the thrust. A metal base is provided either with 
turned up edges or with angle irons riveted at the edges. Between these the curved 
corrugated sheets are placed and the angle irons are Idocked out from the shoulders 
so as to press against the edges of the corrugated arches. The whole structure is then 
grouted in and the street constructe<l over it. 


Area—in Square Feet 



Fig 201 Soils ploy an important part in engineoring construction Here a bulldozer is moving 
thawed slush on the Alaska Highway 
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CHAPTER THIRTY-SIX 


Soil Studies 

PART ONE 

SOILS 


Soils, even though tlie most abundant of all materials to l)e used in engineering 
works, have until reeently received little consideration in com])arison to their im¬ 
portance. Since they are made up of natural materials varying both in j>hysical and 
chemical characteristics, and with no control possible in their cr eation, knowledge of 
theii’ proper use was very limited until the modern concei)t of soil meclianics was 
introduced in the United States some 30 years ago. Since that time, great strides 
have been made in the use of soils for actual structures such as dams and levees. 
Methods have been developed for im[)roving soils l)y various treatments so that they 
will sustain greater loads and better resist the ravages of time. 

As roadbeds and foundations for modern transportation facilities and structures, 
soils must be strong. Strength can be increased and controlled by (1) regulation of 
water content, (2) chemical additives (3) proper gradation of natural soils and (1) 
com[)action. Regardless of the treatment chosen, the intrusion of excessive water 
after construction will weaken or even destroy the desired foundation. Therefoie, it 
is i)arti(!ularly iiiijxjrtant that there should Ije a clear understanding as to the effect 
of water in its relation to soils. Fig. 201. 

Origin of Soils 

Soils are primarily of mineral origin, being formed by the disintegration of rocks 
through the agency of wind, water, ice, frost, temperature changes, chemical action, 
plant growth and animal life. In addition to the rock or mineral constituent, soils 
contain organic matter extracted from the air and from the vegetation which lias 
grown in the soil. Also there are many forms of minute animal life in the soil which 
influence drainage and plant growth. Whethei* the soil be sedentary or transported, 
its principal constituents are silicates, with varying amounts of aluminum, iron, 
lime, magnesia and the alkalis, together with small amounts of organic matter. 
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Textural Soil Classifications 

Soils are generally classified in three groups according to grain size—sands and 
gravels, silts, and (days. Various agencies have established limiting grain sizes to 
identify these soils. That adopted by the IT. S. Bureau of Public Roads is shown in 
Table 36-1. 

In pure form, these soils can be identified visually iind by feel. Sand and gravel 
are loose and granular. Silt is finegrained like flour, not usually distinguishable by 
looks or by feel; however, it powders easily when dry. Clay is plastic when moist 
but when dry, is hard and does not powder readily. 

Although tliese three soils may occur in pure form, especially the sand and gravel, 
they usually exist in comlnnation. A method of identifying soils by name in terms of 
the i^ercentage of gravel, sand, silt and clay has been devised by the U. S. Bureau of 
Soils and Chemistry in the form of a triangular chart, shown in Fig. 202. 

Example: A soil contains 
28 per cent clay 
45 per cent silt 

27 per cent sand (by difference) 

This is located as point A in Fig. 202 and its classification is found to be “clay 
loam.’ Translating the chart into tabular form, the values are given in Table 36-2. 
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TABLE 36-1 GRAIN SIZE OF SOIL CONSTITUENTS 


Classification 

Diameter of 
Particles 
in Millimeters 

U. S. Standard Sierc 

Passiruf 

Hct(lined on 

Gravel. 

Larger than 2.0 

2.0 to 0.42 


No. 10 

No. 40 

No. 270 

Coarse sand. 

No 10 

Fine sand. 

0.42 to 0.05 

No. 40 

1 

Silt-size... 

0.05 to 0.005 

Clay-size. 

Smaller than 0.005\ 

Cannot b(‘ sc'paratcd 

by sawing. Size is de- 

Colloidal siz(?. 

Smalh'r than 0.001 / 

termined hy .sellling velocity in a soil-water 


suspension. 



From “Soil lOngiiieering,” by M. G- Spangler. 


While the triangular chart reveals the grain-size distribution and gn^es a textural 
name, it has its limitations in that it does not reveal the otlier physical properties of 
the soil. 

Any textural system of classifying soils is based on the propcrti(^s of the grains 
themselves or of remolded material, and not of the material intact as found in na¬ 
ture. Hence, these systems need to be supplemented by engineering experience and 
by information as obtained in other fields such as geology and pedology. 

Further classification of soils, as adopted l)y the (-orps of hhigineers and the 
Bureau of Ucclamation in 1952, is given in Table 3G-3. This describes the soils and 
is followed by field identification procedures for the fine-grained soils. 

The relationship of soil classifications to subgrades, embankments and founda¬ 
tions is given in Tal)lcs 30-4 and 30-5. Tables 30-3 and 30-5 are from Teclinical 
Memorandum No. 3-357, Vol. 1, Corps of Engineers, Vicksburg, Miss., March 1953. 

\Continuc(i on jHiye dOl] 


TABLE 36-2 TEXTURAL CLASSIFICATION OF SOILS 


Textural (lass 

Composition in Per Cent 

j Sand 

Sill-size 

Clay-size 

Sand. 

80-100 

0-20 

0 20 

Sandv Loam. 

50-80 

0-50 

0-20 

Loa ni. 

30-50 

30-50 

0-20 

Silt Loam. 

0-50 

50 100 

0-20 

Sandy Clay Loam. I 

50-80 

0-30 

20-30 

Clay lioam. 

20-50 

20-50 

20-30 

Silty Clay Loam. 

0-30 

50-80 

20-30 

Sandv Clay.i 

55-70 

0-15 

30-45 

Silty Clay. i 

0-15 

55-70 

30-45 

Clay. I 

i 

0-55 

0-55 

30-100 


J'Vom “Soil Fngiiieeriiig, ” by M. G. Spangler. 
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Dry Strength (Crushing Toughness (Consistency 
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TABLE 36-4 CLASSIFICATION OF HIGHWAY SUBGRADE A*ATERIALS 
U. S. Bureau of Public Roads with 1945 Highway Research Board Modifkation 
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Soil Characteristics 

Because of their effect on the stability of structures, the following physical charac¬ 
teristics of soils are of interest to the engineer: 

1. Internal Friction is the resistance of a soil to motion and it varies with size, 
shape and roughness of individual grains and with applied pressure. Sands have a 
high internal friction value, clay a low value. 

2. Cohesion is the resistance to force tending to separate soil particles held together 
by moisture films, possibly supjdemented by natural stickiness of colloids. Sands 
have a low value, claj^ a high value. 

3. Compressibility is the change in volume that can be produced by pressure. 
Sands have a low value, whereas clays can have the capillary moisture squeezed out 
and therefore have a much higher value. 

4. Elasticity is a characteristic of clays and some soils containing organic matter 
and is evidenced by rebound of the soil after removal of the load. Plasticity, on tlie 
other hand, is a property of clayey soils which at certain moisture contents can be 
deformed in the hand without disintegration. The liipjid limits (Atterberg) and the 
plasticity index together constitute a measure of the plasticity of a soil. 

5. Permeability is a measure of the rate or volume of flow of writer tlirough a soil. 
The coefficient of permeal)ility depends largely on the void spac^e and therefore on 
tlie size, shape and state of compaction of the soil grains. Permeability affects the 
spacing and dejith of underdrains, and also the rate of settlement or compaction of 
soils under load. Clayey soils because of their finer grains and smaller |)oies are less 
permeable than sandy soils and therefore reiiuirc longer to consolidate. 

According to Knob “It appears that soilshaving a(4ay (•ontent lower than 40 jier 
cent, a volumetric change l>clow 30, and a lower liipiid limit‘ under 40 per cent, may 
be effectively drained. Soils containing more than 70 per cent clay are practically 
non-percolating. ” 

0. Capillarity is the movement or absorption of water in a soil through the capil¬ 
laries or hair-fine openings lietween the grains of soil. It takes |)lace in all direcjtions 
and is affected only in a minor way by gravity. Sands with their larger void spaces 
show little capillarity. Clays, by contrast, possess high c}ii)illarity which contributes 
to the proj)erties of cohesion, compressibility, elasticity and ])ermeability. 

7. Shrinkage and Bulking of soils can be detrimental to engineering structures due 
to the change in volume, especially in cases of non-uniformity. The smaller the 
shrinkage limit as compared with the liquid limit, the greater is the tendemy for the 
soil to undergo detrimental changes in volume with c-hanges in moisture content. 

Of considerable importance is the fact that the behavior of certain soils in their 
natural state and after they have been handled or reworked may l)e considerably dif¬ 
ferent. This is explained by the repositioning of particles during tlie liandling proc¬ 
ess wliich may cause them either to bulk up into a looser state or become more com¬ 
pacted than they were in nature. As a result, the performance of a given soil in na¬ 
ture having the same water content as dead soil after being reworked may not agree 
as predicted. Sand will bulk when slightly moist when poured into a container 
whereas the same amount of sand may contain the same moisture content in a nat¬ 
ural state but occupy less volume. In finer grained soils, reworking will frequently 
show up as a change in the cohesive properties and bearing power of the material. 



TABLE 36-5 SOIL CHARACTERISTICS PERTIN0>rr TO EMBANKMENTS AND FOUNDATIONS (Corps of Btgineers) 

Coarse Grained Soils 
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TABLE 36-5 (Cont'd) SOIL CHARACTERISTICS PERTINENT TO EMBANKMENTS AND FOUNDATIONS 

Fine Grained Soils 
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Subgrade Soil Classifications 

Sorno of tho (Miilicst sub^rado soil i.osts wore made in 1914. Today most state 
hif!;hway departments make a regular practice of conducting soil surveys. Various 
colleges and universities, the U. S. Bureau of Public Hoads, the C^orps of linginecrs 
and the (dvil Aeronautics Administration and otlier organizations and individuals 
have contributoMl towards a more complete understanding of the properties affecting 
subgrade soil behavior. 

The Bureau of Public Roads in 192(S set up a subgrade soil classification system, 
dividing soils into eight groups from A-1 to A-S. This system was extensively modi¬ 
fied foi’ the Highway Research Board in 1945 as shown in Table 136-4. 

Another system of soil classification, developed by A. (’asagrande for the U. S. 
Cor])s of Engineers, is known as the Airfield Classification (AC) system. It is used 
in the construction of military airfields. The system has many classifications [)ut is 
relatively simple. 

A tiiird soil classification system, employed by the C^ivil Aeronautics Administra¬ 
tion, is based on medianical analysis, liquid limit and plasticity index. It also takes 
into account the drainage qualities and the degree of frost susceptibility. 

Supplementing tlie unified soil classification. Table 56-3, of the Oirjis of Engineers 
and the Bureau of Reclamation is a further one. Table 36-5, from the C^orjis of 
KngiruMM’s, which relates these classifications to embankments and foundations. 

Subgrade Soils 

Subgrade or roadbed soils should be such that in comlnnation with a pavement or 
ballast and track, they will sup[)ort the loads without displacement. It usually is 
impractical to excliule all precipitation and surface water from passing down 
through cracks, shoulders or open ballast. The importance of removing such free 
water from the subgrade is discussed in ('hapters 38-40 on Subdrainage. 

The use of desirable subgrade soils is an aid to subdrainage as well as a means of in¬ 
tercepting capillary water, and avoiding frost damage, mud pumping and the forma- 
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tion of water pockets under the loads and impact of railroad traffic. Granular soils 
(such as the A-1, A-2 and A-3 groups of the Bureau of Puldic Roads) have relatively 
high values of internal friction and permeahility ami in general are satisfactory as 
suhgrades for moderate coml)ined thickness of i)ase and surface courses^ 

According to Rockwell Smithy sands with high frictional qualities when compact 
are not subject to water pocket development utider present conditions of railroad 
loading. A measure of the al)ility of sandy soils to maintain stability as railroad 
siibgrades is the plasticity factor. Plasticity indices below 8 in sandy soils are gen¬ 
erally indicative of very good suligrade support under present loadings. Silts when 
loosely compacted can l)e unstable. Good densification is difficult to obtain, which 
along witli high capillary water holding properties make silts generally unsuitable 
for roadi)ed materials, jiarticularly near the top of the subgrade. Pockets will de¬ 
velop in silt soils, although slowly. Frost heaving is prevalent and fills, unless well 
compacted under close control, contimie to sul)side for long ])criods. 

Silts may be non-plastic in the coarser materials and usually show plasticity in¬ 
dices under 10. Low plasticity in a predominantly silty soil is not a good measure of 
its stability in the sul)grade. In addition, silts are sul)ject to underground erosion 
and piping around leaking culverts, drains, etc. 

Glays and clayey soils are most subject to loss of strength with increase in mois¬ 
ture content. Their permeability is relatively low' and after once started, a pocket 
can develop (juickly in the presence of water. The treatment for clays, where used, 
varies but should include ])rovisions for drainage and for a granular cap or blanket 
suffi(;ient to reduce stresses l)elow the strength of the soils under unfavorable condi¬ 
tions. Fig. 203. 

Making Soil Studies 

Soil studios or surveys may vary in puri)ose and extent. They may be made in 
advance of new' construction and thus assist in finding the best location and soils for 


Fig. 204. Making soil borings 
along edge of highway pave¬ 
ment to locate water-bearing 
strata. 
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FJg. 205e An adaquate soil survey can be made quickly and economically with this simple auger. 


a road. Or they may be made on existing roads where trouble is being experienced 
due to heaving, unequal settlement or premature destruction of the road surface. 
Fig. 206. 

The method of making these soil studies, both in the field .and in the laboratory, 
varies with almost every state, but the following ol>scrvatif)ns will be helpful. 

1. Because ground water is the principal cause of the instability in subgrade soils, 
surveys should preferably be made in the spring or whenever ground-water condi¬ 
tions are at their worst. 

2. Free ground water can often l)e detected as springs, as seepage flowing from the 
face of a slope or cut bank, or as seepage through the surface or shoulder of the road. 

3. In the case of landslides and other conditions where a distant source of water is 
suspected of being the cause of the trouble, the use of fluorescein as a “tracer’’ some¬ 
times enables the verification of the source of trouble’\ This matcri.al is more stable 
and hem^e is used in preference to either potassium permanganate or common table 
salt. If salt is used, tests should first be made on the seepage water to make sure 
that there is no salt present. 

4. A simple soil auger is generally suflTicient for locating the free water-talile or the 
impervious stratum. See Figs. 204 and 205. 

5. Ledge rock and other conditions complic.ate the problem of locating free water, 
but regardless of the difficulty or expense of the investigation, the location of tlie 
water should not be guessed at if there has been troulile or trouble is anticip.ated. 

6. Make observations in .advance of construction, during con.struction and after¬ 
wards. More than one engineer gets first-hand information for his soil studies by 
“following behind the construction in rubber boots.” 

7. A road is no better than its foundation, so the study of the foundation should 
be commensurate with the importance of the road. 






PART TWO 


SOIL MOISTURE 


Subgrade research has emphasized the fact that excess moisture in subpjrade soils 
is in most cases the cause of unsatisfactory or varying: support and the sul)se(iuent 
failure of the road surface, or the cause of rouj^h track. 

Water reaches the subgrade through percolation, seepage, springs, interce[)tion 
of water-bearing strata, capillarity, etc. 

Kinds of Soil Moisture 

Soil moisture is of three kinds: gravitational, capillary and hygros(H)pic. 

1. Gravitational water is free to move under the influence of gravity. It is the 
only kind which can be removed by drainage. 

2. Capillary moisture clings to the soil particles by surface tension and reaches 
the particles either when the free water passes through the soil, or by cii])illary 
attraction from a wetter to a drier stratum. It is not affected by gravity, being 
able to move upward as well as in any other direction, n.nd cannot be removed by 
drainage but can be controlled by lowering the water-tal)le. (yapillary water can 
only be removed by heating, evaporation, freezing or sul)jecting it to great pressure. 

The freezing of capillary water is explained under the heading “Theory of Frost 
Heaving,” page 309. Thawing of the ice layer's ci'catcs free water which cjin be 
removed by drainage. 

3. Hygroscopic moisture (adsorbed water) is that whicdi condenses from the 
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atmosphere upon the surface of the soil particles and combines with the soil. It 
cannot all be driven off, except by excessive heat, and it fails to freeze at —78 
degrees C. It is of little or no importance to the engineer. 

Capillary Wafer 

When the grains of a soil are sufficiently fine, the capillary tubes are so small 
that capillarity (movement in any direction) is more j^owerful than gravity. Sub¬ 
drainage will not remove capillary water directly, but it will control the height to 
which it can rise. 

The presence of capillary moisture in a subgrade soil without the added presence 
of free water may not be distinctly harmful if it senses to bind the soil particles 
rather than lul)ricate them. However, the capillary moisture in any soil is generally 
about one-half more than the lower plastic limit, so that soils saturated to their 
capillary limit are in a condition to be dangerous.—(I^lno.) Its greatest harmfulness 
generally occurs in connection with frost action, when;, as explained on page 309, 
the formation of i(!e lenses causes heaving and subse(|uent liberation of free water 
whicli creates a mushy, unstable suhgrade. 

The rate of (;af)illary action is more rapid for coarse-grained soils than for fine¬ 
grained ones. However, the maximum height to which the ca[)illary water will rise 
in c(»arse-grained soils is much less than for the fine-grained. In a medium sand 
(0.3 mm. diameter soil parti(;les) the water will rise about IS inches above the 
water table (free water) level. In a silt (ui)per limit, 0.05 mm.), the rise may be 
about 9 feet, and in a clay the rise may be a little greater. 

Subgnide soils vary all the way from coarse-grained to fine-grained, with j)crhaps 
a very large f)ercentage falling in tlje middle grouj). The coarse-grained ones 
respond readily to drainage and the majority of the oth(;rs do also. But the finc- 
graincfl clays are less suscei)tible to drainage. 

Free Woter 

Free watei* enters or leaves the subgrade by the action of gravity. Such water 
I)ercolates through the i)()res of various soils, through cracks, and through holes or 
channels formed by insects, worms, decayed })lant roots and frost a(;tion. The 
porosity of the soils contiols to a large extent the rate of flow. 

(Jravels and sands over imper\’ious sulxsoils afford excellent underg?-ound chan¬ 
nels, |)rovided there is any slope to the top of the im|)ervious underlying soil and 
provided they are not hemmed in by impervious soils. These same underground 
channels which will carry away ground water may also serve to luring unwanted 
water to the subgrade. This is cpiite evident where water-bearing strata or the 
underlying imj)ervious strjita are interccj)ted in cuts and sidehill ex(;avation—per¬ 
haps most frequently just below the crest of a hill or where the road section changes 
from cut to fill. Fig. 214, p. 317. 

While especially noticeal>le in the springtime, this seepage is often visible shortly 
after rains when the remainder of the road surface has dried off. Passing traffic 
also serves to “piimi)” some of this water through the cracks and joints or directly 
through the surface. 

This water is harmful not only in that it lowers the l)earing power and stability 
of the subgrade, l)ut because it may freeze on the surface and create a hazard to 
traffic coming unawares ui)on these icy areas. Such water can and should be 
removed before it does harm. 

Free water or gravibitional moisture then is not only of greatest importance 
but fortunately is most susceptible to control. 
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Fig. 207. Frost heave and frost boil in soil.—Spangler 


Theory of Frost Heaving 

It is well known that freezing!; of water in the sub^^nule (^jin cause danKcrous and 
destructive lieavinjj;, cracking; and premature failure of road surfaces and pavements. 
If the heavinji; and later settlement were uniform there would iterhaps not he much 
troulde, l)ut it is the differential heaving, that causes the damage. 

Considerable research has been done in the last 20 years on tlie theory of frost 
heaving amons which are several informative studies made in the Scandinavian 
countries, (k)pies of these are available from the Mi^ilnvjiy llesearch Board on loan 
a,s well as many university studies in this country such as those ctirried on at the 
joint hij^hway resean^h |)roject at Purdue University, Lafayottcj, Indiana. 

A concise statement of the tlieory of frost heaving is j^iven l)y F. H. lOno, as 
follows: 

“In freezinji; weather with some fine silty-clay soils, when^ the rate of freezing 
and the movement of water in tlu? ca})illaries apixair to corr(‘late, freezing seems 
to withdraw the wat(!r from the larj>;er capillaries and to fnHJze it into lenticular 
masses of free ice, which (lontinue to k**<>w as more water is attracted until the 
ex(ress supply of water throuj^h the capillaries hjis been exhausted, or until the rate 
of freezing; imaeases beyond the rate at which the wjiter is sup))lied. Then the soil 
anfl water are frozen as they stand until the correlation is a^ain established and 
ice layers formed. (See 207.) 

“It is (]uit(; evident, therefore, that when this situation arises, the pavement 
may be raiserl many times as much as it would nor mally be raised if the soils with 
the water it held was frozen without additional water entering. In fact, in northern 
Michij^an, Wisconsin and Minnesota there may be 2 or more feet of heaving by 
this method. Of course, this Ls sufficient dlspLicement to cause serious failure in 
the pavement.” 


I. “Soil Surveys for Highways—a Re¬ 
view of Present Practices and a Hri(;f 
History,” Ohio State Fngineering 
lOxperirnent Station Circular No. 33, 
F. H. Eno, July 1936. 


2. The “lower licjuid limit” is measured 
by th(* proportion of water to dry 
weight of soil that is required te bring 
the mixture just to the verge of flowing 
when slightly jarred. Eno, 
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Design of Subdrains 


Summary 

There are two important kinds of soil moisture—free and capillary. A little 
moisture may lielp to bind soils toj^ether and make tliem more compact. However, 
excess moisture is detrimental in tliat it mluces the capacity of soils to sup])ort 
loads, and, if it freezes, it usually results in d(^triniental heaving;. Eml)ankments, 
pavements, runways and tracks are robbed of adecjuate support, so that they fail 
prematurely or require excessive maintenance. Slopes become unstal>le, landslides 
occur. 

Sul)surface drainage continues to be a mystery to many design, construction and 
maintenance engineers. Consequently in too many cases tlie tendency is to treat 
the effect without eliminating the cause. 

The solution is simple. Choose the best soils. Drain the water out and keep it 
out. A dry soil makes the best foundation. 

Soil Studies 

liccognizing that soils are a niw constriK^tion material, many engineering depart¬ 
ments have made soil studies a required pjirt of their survey and investigational 
work. It is known tliat some .soils make better foundations and backfill materials 
than do others (see Chapter .‘lb, Soil Studies). 

Also well known but le.ss understood is the important relationship of the moisture 
content of soils to theii* stability. Soil tnoisture studies are needed—the location, 
.source and direction of flow and fluctuation of ground water tal)le. These arc 
best made in s))ring or during tin* wet .season. 



Fig. 208. An intercepting drain placed In the impervious zone is effective for preventing poor 
foundation for a roadway. 
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TABLE 37-1 REQUIRED CAPACITY OF A SUBDRAIN TO 
REMOVE VARIOUS DEPTHS OF WATER IN 24 HOURS 


Depth in Inches 

Capacity in C 

u Ft per Sec 

Fraction 

Decimal 

Per Acre 

Per Sq MHe 

1 

1.000 

.0420 

26.88 


.938 

.0394 

25.20 

% 

.875 

.0367 

23.52 


.812 

.0341 

21.84 


.750 

.0315 

20.16 

% 

.688 i 

.0289 

18.48 

% 

.(<25 

.0262 

16.80 

%. 

.562 

.0236 

15.12 

Vi 

.500 

.0210 

13.44 

% 

.438 

.0184 

11.76 

% 

.375 

.0157 

10.08 


.312 

.0131 

8.40 

M 

.250 

.0105 

6.72 


.188 

.0079 

5.04 


.125 

.0052 

3.36 

Hi 

.0(;2 

.0026 

1.68 


Subsurface Runoff and Drainage 

Ground water may consist of an underj^round ^‘reservoir” or it may be flowing 
through a thin seam between impervious strata, or through a tiiick seam of pervious 
material. It may be concentrated in the form of a spring. 

The amount of subsurface runoff is in general eepud to the amount that soaks 
into the ground from surface ap})lication, less tliat lost by evaportition and that 
used by plants. The nature of the terrain, its size, shai)e and slopes, as well as the 
character and slofies of the sul)strata are contributing factors. Rate of subsurface 
flow depeTids on the permeability of the soil, the slope of the substrata and the 
tributary area. 

It is difficult to calculate the flow or runoff of ground water by any formulas. 
The more practical way may be to observe the flow into a trench or test pit. This 
is esi)ecially helpful where an intercepting drain (Fig. 208) is to be placed across 
a seepage zone in order to interce{)t or divert the flow. 

Runoff from Lorgo Areos 

In the case of landing fields, athletic fields and other large flat or rolling areas, 
including farm land, the subsurface runoff has by experiment been determined as 
equivalent to a certain uniform depth of water to be drained away within a period 
of 24 hours. 

Experiments by the Engineering Experiment Station of Iowa State College and 
the Agricultural Experiment Station of the University of Minnesota indicate that 
Ke to % inch of water in 24 houi*s is a satisfack^ry rate of runoff for average soils. 
This factor may be increjised to ^ or even 1 inch in 24 hours in regions of excep- 
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(a) IMPERVIOUS TRENCH BOHOM 



(b) PERVIOUS TRENCH BOHOM 


Fig. 209. The bottom of a subdroin pipe should be deep enough in on impervious material (a) to 
effect complete removal of the water. In a pervious soil (b) the water table is lowered to the bottom 
row of perforations. Space in the bottom of the pipe between the rows of perforations is sufficient 
to carry normal flow. 


tionally heav.y rainfall and wliere more pervious soils are encountered. The exact 
factor should be determined l>y a study of lo(%‘d conddions. 

While it is customary to refer to subsurface runoff as inches of dej)th over the 
watershed or drainage area to be removed in 24 hours, this unit, called “drainage 
coefficient,” must be converted to cubic feet per second i)er acre before runoff 
requirements can be comj)ared with subdrain capacity. See conversion table 
(Table 37-1) for this purpose. 

Example of Runoff Compufotion 

The following simple formula is given: 

Q-Az 

in which 

0 —discdiarge or reciuired ca])acity, in cu ft per sec 
A = area to be subdrained, in acres 

2 = subsurface runoff factor, converted to cu ft per sec per acre 

Assuming a drainage coeflicient of inch in 24 hours (2 =.017)7), and laterals 
GOO ft long, spaced on 50-ft centers, the following result is obtained: 

GOO y 'SO 

0=.0]57X-;o 

43,o()0 

This result is for the area served by each main or submain (for the area A in 
the formula), and is not the sum of the discharges from all contril)uting laterals. 

Kinds of Subdrains 

Subdrainage (or undertlrainage) is defined as the control of ground water. I^arly 
sul)drains consisted of a trench filled with brush or large rocks which (juicrkly silted 
up. French drains, which are trenches filled with coarse rock, are not satisfactory 
for long periods of time. They are inefficient and reejuire excessive maintenance. 

The modern subdrain has these important features: a trench filled with a finely 
graded pervious mat(;rial (known as a filter), and with a subdrain |)ipe for con¬ 
trolling the water and quickly conducting it away. The top of the trench is sealed 
to keep out surface water and silt. To insure complete interception and collection 
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the trench should be deep enough so the pipe can be in the impervious zone (see 
Fig. 208, p. 311). 

Prej)aration of the trench bottom is shown in Fig. 209. Former practice was to 
put a 2 to 4-inch layer of coarse pervious material under the pipe, but this permits 
the water to flow under the i)ipe. In muddy bottoms, use only enough granular 
material to stiffen the mud and keep it out of the pipe. 

Backfill Material; Filters 

Silting and plugging up is one of the principal causes of failure of subdrains. 
Coarse backfill materials with large voids were once l)elieved to be best. However, 
research and experience show that such backfills encourage silting. 

Kxtensive research by the U. S. W aterways Experiment Station at Vicksburg, 
Miss., shows that a graded material roughly ecpiivalent to concrete sand (AASHO 
Specs.) has been found most suitable. See Talde 37-2 and Fig. 210, for a tyi)ical 
analysis. Such material gives better su[)i)ort to the side wall of the trench and thcre- 
l)y reduces erosion tind silting. 

Sealed Trench 

Use of a sealed trench top keeps out surface water which may carry silt and clog 
the backfill. The material used to obtain imj)erviousness may l)e clay or an artificial 
mixture employing asphalt or other binder. 

On ordinary construction it is advisjible to remove surface water by means of 
gutters and catchliasins or drop inlets rather tlian through the trench backfill. 


Inch->|^— Numbers of ASTM Standard Steves 
3/8 3 4 6 8 10 16 20 30 40 50 60 80 100 140 



Large 

Gravel 
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Coarse 

Sand 



Silt 


U. S. Bureau of Soils Classification 


Fig. 210. Chart showing range and gradation of granular material to give most suitable backfill 
for a subdrain pipe. AASHO concrete sand falls within the recommended limits. Maximum size is 
^-in. gravel. 
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TABLE 37-2 SIZE OF FILTER AAATERIAL FOR SUBDRAINS 


Standard A STM Siem 

Per Cent 

Passing a ® js-in. sieve. 

100 

Passing a No. 4 sieve. 

95-100 

Passing a No. 16 .sieve. 

45 80 

Passing a No. 50 .sieve. 

10 30 

Passing a No. 100 sieve 

2 10 



AASIIO Spec. MO-51, Gradation limits of concrotc sand. 


However, if the suhdrain is adequate in size, and can be cleaned out wlien necessary, 
surface water can safely be admitted through the l)ackfill. 

Subdrain Pipe 

Any subdrainage system to be economically sound must continue to function 
efficiently year after year. When a subdrain .stops functioning, it can usually be 
traced to crushing and breaking of the pipe or to inal-alignment and clogging. To 
replac^e failed pipe often costs more than the original installation. 

Perforated corrugated metal pipe is used widely as a means of controlling grcjiind 
water. Fig. 211. Advantages given are long lengths, light weight, strength, positive 
coupled joints, ample infiltration area but witli exclusion of .solids. Diameters for 
llel-Cor pipe range from 6 to 21 in. standard ])erforated corrugated pipe ranges 
from 8 in. up. (AASHO Spec. M-136, and ARFA Manual, 1953, page 1-4-11). 

The Vicksburg tests showed least clogging occurs with porous or perforated walls 
rather than through open joints. Other experiments .showed that with the use of 
finely graded bacikfill, least clogging takes place when the perforations are in the 
bottom half of the pipe and at least 22^ degrees below the horizontal axis. Also, 



Figs. 211-212. Section of helically corrugofed (Hel-Cor) perforated pipe (left). Method of (oining 
lengths of pipe with two-piece bolted coupling. 
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a minimum of 16 perforations, % in. in diameter, per linear foot of pipe is desirable 
for all pipe sizes. 

Where portions of th(‘ line are used as a water eonduetor rather than interceptor, 
the perforations may be turned up or may be omitted. The pervious backfill 
should be eliminated beyond the point where seepaj^e occurs. 

Pipe Size and Slope 

For normal subdrainaj*e, approximately 500 ft of 6-in. pipe may be used as an 
interceptor before any increase in diameter is needed. In other cases, larger sizes 
may be desirable. 

\\'here possible, a minimum slope of 0.15 ft per 100 ft should be employed for 
all subdrainage lines. It is sometimes permissible to use an even flatter slope where 
necessary to obtain a tree outlet. 



Fig. 213. It is important that a subdrain outlet be high enough to prevent clogging. Corrugated 
metal pipe cantilevered over a channel is commonly used for this purpose. 


Pipe Outlets 

Free outlets are important; and the failure of subdrains to function properly can 
often be attributed to plugged, damaged or improper outlets. 

Outlet pipes should be built high enough so they cannot clog from silt or snow. 
Fig. 213. Otherwise the maintenance man must keep them open and be sure not to 
damage them with his maintenance equi]unent. A suitable screen should be used 
to keep out rodents whose nests would cause clogging. 

If it is diflicult to obtain a suitable outlet for the subdrainage system, it may be 
necessary to carry the water to a sump and then pump it out. 
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Highway Subdrainage 

“A good rood requires a tight roof and a dry cellar.'*— Anonymou* 


Symptoms of Trouble 

Spring is known to be the bad time of the year for roads—the time \vhen breakups 
occur. That is when the frost goes out. At other seasons, especially after rains, 
water flows freely from joints and cracks in the road surface. Mud pumping occurs. 
Fig. 214. 

Results are rough, broken, dangerous pavements. Maintenance and repair costs 
are high. Next year the trouble is repeated. 

A raj)id increase in the amount of trallic, traveling at higher speeds and a greater 
proportion of heavy truck and bus traffic has made the sitiuition worse. 

The cause of the trouble is almost always the same--“too mu(*h water and not 
enough drainage.”* 

*“No\v York liediK^os Frost Darnage,” by Earl 1. Fuller, Senior Soils Engr., N. Y. State 
Dei)t. of Public Works, it» Belter Roads, Chicago, March Itlol. 



Fig. 214. Cut sections or where the roadway changes from cot to fill ore frequently locations of 
poor drainage and bad pavement. Water flowing out from cracks and joints is an obvious signal 
of the source of trouble. 
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Dry Foundation Important 

Although water is easily recognized as the cause of the trouble, the method of 
overcoming it is not universally understood. Instead of removing the cause, the 
tendency too often is to treat the symptoms—namely by adding gravel, patching 
the surface or resurfacing the whole pavement. 

“If a sufficiently firm roadbed could be obtained, any thin surface which would 
not shatter under traffic and which would withstand abrasive wear, should be 
sufficient,’^ says F. C. Lang, Engineer of Materials and Tests, Minnesota Dept, of 
Highways. 

“All highway surfaces depend upon the underlying earth for their support,” 
reads a booklet published by the Michigan State Highway Department. “If that 
support is weak, or if it lacks uniformity, it may fail to fulfill its function. Further, 
if improved surfaces are built upon soils which at certain seasons are sul)ject to 
extreme changes in volume, not only is support lacking, but destructive counter 
stresses may be developed which will result in serious heaves, frost boils, ex(;essive 
pavement cracking and similar troubles. No type or design of surface is ca|)able 
of successfully resisting these forces. It becomes evident, therefore, tliat the design 
of the road should begin with the subgrade, and that effective preventive measures 
taken in the initial stages of construction will be reflected by ultimate economy in 
maintenance.” 

Surface vs. Base 

There are several ways of providing a road surface strong enough to (^arry traffic. 
If the native soil has good natural drainajje, all that may be reciuired is a water¬ 
proofing of the surface and stabilizing or strengthening of the top few inches of soil. 

Heavier traffu^ rcKiuires a stronger surface or pavement. Under this may he a 
compa(d/cd impervious l)ase or a pervious base. Tliis in turn is su])j)orted by the 
native subgrade (in cut) or by a fill built on the native soil or foundation (see 
Fig. 203, p. 304). 

The drier each one of these strata is within limits, the less thickness is recpiired. 
There is a direct relationship between drainage and economy of constiuctiori. 


Earth Fill Overload-^ 


Fill After Settlement 



Fig. 215. Modern method of squeezing the water from swampy ground and removing it through 
vertical sand drains. Pipe outlets are recommended when practicable.—Drawing from Garden 
State (N. J.) Parkway bulletin. 
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Fig. 216. How intercepting drain cuts off the source of supply of harmful capillary water—and 
free water—under a road surface. Note that the top of the trench is sealed to prevent silting. 


Three General Conditions 

Soil surveys to locate free ground water will usually indicate one of the following 
conditions: 

Sidchill .se(‘|)age 
Lev'el water table 
Surface leakage 

Depending on the kind of soil, capillary water may rise from the first two condi¬ 
tions to aggravate sul)grade troubles. 

Sidehill seej)age should be int(*rcepted, preforaldy l)cforo the water enters the 
roadway area (see Fig. 210). For level water table conditions, it may be possible 
to lower tlie water table below tlie effective capillary limit by means of subdrain/tge 
pipe in a pervious backfilled trench (i)age lil 1), or to greater depths by loading with 
an embankment and removing the water by verti(*al sand drains (Fig. 215). New 
road locations should avoid large swampy areas when |)ossible. 

Where surface leakage occurs, base drainage is advisal)le (Figs. 203 and 217). 

I. Fill Foundafion Draintigm 

An embankment exerts a load or pressure on its foundation. If that foundation 
soil is wet or compressilde, settlement occurs, depending on the fill height. Where 
seepage strata or springs exist, a subdrain trench and i)ipe should be placed low 
enough to intercept the ground water and conduct it tf) an outlet. 

Where a fill is to be built across swampy ground, it may be [)ossible to place a 
thick blanket of sand over the area, drilling or driving holes into the sul)soil, and 
backfilling with sand. The fill is built over the sand blanket to an extra height 
for load purposes, and later reduced to finished grade. Fig. 215. 

A\’eight of the fill compresses the foundation soil and squeezes the water up 
through the “sand piles,’’ then laterally through the sand blanket to an outlet. 
Perforated metal pipe subdrains are used to direct such water to a suitable outlet. 
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2. Soft, UttMfabIm Filh 

Where fills have not been properly made, based on present knowledge of soils 
and drainage, mudholes, mud-pumping and soft spots may develop. Such fills may 
subside or “go out” entirely at some time. See Fig. 247 and Chapter 44 on Landslides. 

A more common case even on modern roads is for fills to be supplied with free 
water through underground strata from an adjacent cut section. If at all possible, 
the source of water should be located and intercepted. Where the troul)le cannot 
be localized, it may be necessary to use cross drains at various depths and intervals 
to effectively drain the mass. 

3. SklmhHI and Through Cuft 

For sidehill or lateral seepage conditions, two conditions are considered—one 
where the seepage zone falls within the cut slo|)e and the other where it passes 
under the roadway. The zone may be a narrow seam or a deep, pervious (laminated) 
zone (see Fig. 210). 

Cut slopes eroded by seepage are unsightly. Very often they result in mud, 
water anrl ice on the traveled roadway.. For a relatively low bank, the remedy may 
consist of an intercef)ting drain on tlie top of the bank to prev^ent the water reaching 
the face of the cut. The slope becomes stable and (;an be maintained as desired. 

Where the seepage zone is under the road, two cases are considered. In the first 
case, the top of tlie see|)agc zone is 2 to 4 ft below the road surface, and the bottom 
7 ft or less. There can be free water in the subgrade, pumped up by traffic. On 
the other hand, the damaging agent can be capillary water which causes an un¬ 
stable subgrade or frost heave. , 

The suggested solution is to place an intercepting drain either in the slioulder or 
in the ditch line to shut off the free water before it enters th(‘ roadway area. 

In the second case, with a wide (deep) seepage zone, the i)roblem is to lower the 
water table sufficiently to reduce the effective height reached by capillaiy water. 
The drain will |)iobably be at least 6 ft deep. 



Outlet longitudinal base drains at convenient 

points which may be 1000 feet or more apart. 



Free water table far enough below sur¬ 
face so that only base drainage is needed 


Fig. 217. Base drainage is needed *o remove surface water that may be trapped when a pervious 
base is laid over a relatively impervious subgrade. On steep slopes, laterals may be added under 
the pavement. 
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Fig. 218. Placing subdrains in a cut section along the West Virginia Turnpike. Base drains are 
usually shallower than intercepting drains. 


4. Rock Cuts 

Ledge rook under the side ditches or under the roadway may hold pockets of 
water and cause the road foundation to hecoine saturated. Frost heaving aggra¬ 
vates the trouble. The remedy consists of making original rock cuts deeper (1 to 
4 ft) and backfilling with pervious material drained with a sulxlrain pipe. One 
state highway district in New York specifies that undrainable pockets be filled 
with a fine-grained bituminous mix. 

On old construction the ditch can l)e deepened, but it may be necessary to blast 
a trencdi under or along both sides of the road surfa(5e. 

\Miere boulders exist under the pavement area, they are likely to work their 
way to the surface and give trouble unless they are removed l>elow frost penetration 
depth. However, if the base is drained, this heaving sliould not occur. 

5. Transition from Cut to Fill 

Although previously mentioned under Soft, Unstable Fills, the transition from 
cut to fill section is such a frequent location of pavement break-ups that special 
attention is deserved. The ground water usually follows or flows on top of an im¬ 
pervious stratum or is retained in undrainal)le soil or rock pockets. 

The remedy consists of jdacing a subdrain across the roadway in the cut to inter¬ 
cept the seepage and to using a pervious base to a dei)th of several feet under the 
finished grade line in the transition area. 

6. High Water Table Conditions 

There are further ways in which water can get into the subgrade under the road 



322 


SUBSURFACE DRAINAGE 


surface to make the subgracle spongy and unable to properly support the pavement, 
namely: 

Capillary water through clays or silty subsoils. 

Percolation through cracks, pavement joints, porous surfaces. 

Surface water resulting from rutted or improperly crowned shoulders; snow banks 
on high shoulders; farm entrance and side road culverts too small; shallow, 
clogged side ditches; culverts across the road plugged up. 

Water trapped in a pervious base trench without adequate outlet. 

Capillary water can be kept from reaching the pavement subgrade or the frost 
zone in two ways. One is to lower the water table by means of a subdrain as shown 
in Fig. 216, p. 319. The other is to place a blanket of sand or a base of finely graded 
pervious material under the pavement (see Fig. 203, p. 304). Even though the 
pervious layer may extend to the side slopes, the use of an underdrain pipe assures 
positiv^e drainage at all times. 

Percolation through cracks, pavement joints and porous surfaces can largely but 
not entirely be prevented by proper sealing and other maintenance measures. More 
positive assurance against such “roof leakage^' and subsequent pumping joints can 
be obtained by the use of a pervious l)ase, properly drained. 

Where surface water reaches the subgrade be(;ause of rutted or high shoulders, 
(logged ditches and culverts and the like, proper maintenance is the best cure. 



CHAPTBR THIRTY.NINE 


Railway Subdrainage 


Effects of Soil Moisture 

Some soils are recognized as making a more stable railroad roadbed and founda¬ 
tions than others, namely granular soils high in internal friction tind coliesion. and 
low in compressibility, capillarity and elasticity. A large clay content is usually 
adverse. New construction should use only the best available soils. Water is the 
principal enemy of soil stability. 

“Excess soil moisture in the roadbed is detrimental in four resj)ects: (a) it greatly 
reduces the bearing power of soils of all kinds, some more than others, resulting in 
‘soft spots’; (b) in case of freezing it causes ‘heaving’; (c) in case of increase or 
decrease of amount of excess moisture, unequal swelling or shrinkage results in 
unequal displacement of the track and (d) it leads often to subsiden(;e and slides.”* 

Control of Ground Water 

Adequate surface drainage is the first step towards providing a dry, stalde road¬ 
bed. This is achieved by proper crown, slopes, intercc])ting and side ditches, 
culverts and other means described elsewhere in this handl)ook. 


*AIIEA Manual. Comniitteo 1, lloadway, Sec. V Roadway Drainage. 



Fig. 219. Sandy backflil being placed around perforated pipe subdrain under a track in a new 
railroad yard at Roseville^ California. 
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Original Ground Line 

Lateral to Drain 

Ballast Pocket _ 

vcij' -i-ij.iug^»r/>tvAvvr 

. Seepage Zone 
^Pervious Backfill 

^Slippage Plane '^■Intercepting Drain 
Impervious Zone 

Fig. 220. Typical intercepting drain under railroad track with laterals to drain wet ballast pockets. 


Soil inoistiire, passing: through or retained by the roadbed, foundation or wide 
slopes, is of two prineiiial kinds—gravitational and (*a])illary. Gi-avitational or free 
water can be controlled by pervious subdrain trenches, subdrainage pipe and other 
channels. (Capillary water moves less freely. It cannot be removed directly l)y 
drainage, although by lowering the water tal)le it can be conti’olled to some extent. 
Also it can be prevented from rising l)y a tlpc^k layer of pervious material. 

Long experience has shown that simple (Irainage measures are effective in inter¬ 
cepting or removing harmful groun<l water. >Such drainage is long lasting and 
generally more economical than othei* measures which trejit the symj)toms rather 
than tlie cause of the trouble. A dry soil is a strong, stable soil. 

Fill Foundation 

blither a high fill or a relatively low fill may oveiload the foundation soil if it is 
not dry and stable. Soil studies and borings made in advance may reveal a high 
water table in swampy ground, springs or water-bearing strata near the surface. 
One solution is to i)lace a subdrain trench and pii)e and conduct the water to an 
outlet. 

On swampy ground it may be possible to place a tliick blanket of sand over the 
area, drilling or driving holes into the subsoil and backfilling them with sand. The 
use of such sand piles is described on p. 319. Perforated metal pipe subdrains carry 
the water to a suital)le outlet. 

Water Pockets 

Water pockets (according to tlie 1953 AREA Manual, 1-1-52) result from balla,st 
being flriven by iiKU-easingly heavy loads into unstal)lc subgrade soils in cut or on 
fill, causing it to hold water. 

lA’ater pockets can sometimes be prevented during construction by choosing 
stable materials, compacted and crowmed before ballasting. Proper kind and depth 
of sul)-balliist is also important. 

Placing subdrains at the time the roadbed is constructed, especially in cut 
sections, is good insurance against the formation of water pockets. A tyi)ical 
example is shown in Fig. 220, with perforated metal side drains and laterals. 
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Where water pockets already exist, the following procedure is recommended. 
Test holes should be dug or drilled at frequent intervals to determine the extent 
and depth of the pockets. Subdrains to tap the low spots are usually placed at 
right angles to the track, spaced from 15 to 30 ft or more, depending on conditions. 
Perforated metal pipe 6 or 8 in. in diameter should be placed 6 to 12 in. below the 
bottom of the pocket on a minimum grade of 0.3 per cent and backfilled with a 
finely graded filter material. 

In cut sections it will usually be necessary to provide an outlet for the laterals 
by means of mains in one or both ditches. Such mains should be at least 6 in. below 
the bottom of the deepest pocket, on a minimum grade of 0.15 per cent. 

Wet Cuts 

ater pockets and unstable track in cut sections are likely to be aggravated by 
lateral seepage. Deep side ditches may be of some help, but the more satisfactory 
way of remedying the situation is to place an intercepting drain in the ditch of a 
sidehill cut, or in both ditches of a long cut, on a minimum grade of 0.15 per cent 
(see Fig. 221). Laterals sliould extend under the track at intervals of 25 to 30 ft. 

Multiple Tracks 

There is practically no difference between draining a roadbed carrying two or 
more tracks and one carrying a single track, except that surface water must be 
accommodated. For a double track it may not be necessary to use a longitudinal 
main between the tracks in addition to the subdrain laterals and mains on l)oth 
sides of tlie roadbed. However, for other cases, a longitudinal drain of perforated 
metal pipe is recommended between tracks or each pair of tracks. Such drain 
should be of 8-in. diameter or larger, on a.grade of 0.15 ])er cent or more, backfilled 
witli a finely graded pervious material. 

Lateral outlets of unperforated corrugated pipe should be {provided at intervals 
of 200 to 500 ft to discharge into the side mains or ditches, or the right of way on 
fill sections. 



Fig. 221. Subdrainage with Hel-Cor perforated pipe in a low cot along the CANW RR In Iowa. 
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Fig. 222. Principal drainage features in retarder sec* 
tion of Santa Fe Railway yard at Kansas City, Kansas. 


Yards and Stations 

For the liirse, wide flat areas occupied l)y railroad yards and terminals, special 
drainage problems present themselves. (AREA Manual, 1-53, 505, E). Tracks 
in sucli congested areas should be kept in first class condition with a minimum of 
maintenance (see Fi^. 219). 

Unless the subp:rade soil is an of)en, well-drained one, a combined storm drain 
and subsurface drainage system is required (see Hg. 222). Projier design at the time 
a yard is constructed or reconstructed will help much in tlie control of surface water 
for quick runoff at right angles to the tracks. Surface water leaching the yard from 
adjacent areas should cross the yard preferably in a closed conduit or storm sewer. 

Water falling on the yard area should be handled by a storm sewer system which 
may also serve for subdrainage if sufficiently deep. In general, a series of longi¬ 
tudinal drains of perforated pipe between pairs of tracks with cross drains at 
intervals of 200 to 300 ft and an intercepting drain across the ends of these cross 
drains will be satisfactory. 

Risers with iron gratings should be provided at junction points to catch the surface 
water. All subdrainage pipe should be backfilled with fine pervious material. Sizes 
of })ipe will depend on the areas drained. Depth and spacing of pipe depend on soil 
and ground water conditions but in general should be 3 to 6 ft below the ties. 

The drainage system should outlet into surface ditches, or in the case of passenger 
car yards and stations into storm sewers. If these outlets are not deep enough, a 
sump and automatic pump should be provided. 
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Fig. 223. System of large drains for surface and subsurface water installed by tunneling which aided in stabilizing a particularly wet 
high fill on the Erie RR in western New York State.—From Railway Track and Structures, Chicago. 
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Passenger Terminals and station platforms should have a line of suhdrain pipe in 
a trench between the ends of the ties and the edge of the platform, with catch basins 
and laterals at intervals of 200 to 300 ft. Backfill with fine pervious material. 

Highway Grade Crossings 

Wherever railroad tracks cross each other at grade or where railroad tracks cross 
a highway at grade, the problem is to keep a smooth-riding crossing with minimum 
maintenance. 

Drainage should consist of perforated metal pi})e placed in a trench at the ends of 
the ties on single and double tracks and between pairs of multiple tracks. On two 
or more tracks, i)crforated metal cross drains should also be placed at the uphill 
side of crossings in order to drain the intertrack spaces. Otherwise such si)aces may 
a(*t as subsurface channels and conduct storm water to crossings. Pipe should be 
on at least a 0.3 per cent grade and at a depth of 3 to 4 ft below the ties if on embank¬ 
ment, or, if in cut, as controlled by the bottom of the side ditches (see Fig. 224). 
All trenches should be filled with fine material (similar to AREA concrete sand). 




Place pipe below 
bottom of ballast. 


SECTION A-A 


Backfill trenches to 
surface with filter 
material similar to 
AREA concrete sand. 
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For Normol Condition 

Fig. 224. Subdrainage of railway—highway grade crossing under normal conditions. A dry, 
stable foundation improves the riding* surfaces and reduces maintenance. 











Fig. 225. The city of Baltimore, Maryland, uses perforated pipe subdrains to maintain smoother 
riding surfaces and for less frequent pavement repairs of its thoroughfares. 


CHAPTER FORTY 

Municipal Subdrainage 


Street Subdrams 

City streets differ but little from many rural highways when it comes to loads 
and foundations. The problem of adecjuate drainage is common to both. 

Where free water exists in the subgrade, it is advisable to determine tlie source, 
direction and depth. Ground water flow should be intercepted by placing a pipe 
subdrain in the grass plot behind the curb in residential districts and wherever most 
convenient in business and industrial districts. Generally such subdrains are 
parallel to the curb. However, in case of wide streets, laterals may be needed at 
right angles to or diagonally with the curb. Figs. 225, 226. 

It is important to get the subdrain into the impervious zone so that all water 
will be intercepted. The outlet can generally be a storm sewer manhole. Where a 
pervious base is needed under a pavement, that base should be provided with a 
pipe interceptor and outlet. 

Golf Courses, Parks, Cemeteries 

Soft, spongy areas interfere with play and with maintenance operations. On 
golf courses they may reduce the income from greens fees, or may make a golf 
course or park unpopular. They also increase maintenance costs and make it 
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CROSS SECTION 



difficult to grow good turf. Usually such wet areas indicate a high water tal)le or 
seepage above an iinj)ervious stratum. 

Drainage should preferably be installed when the golf course, ])ark or cemetery 
is constructed, although it can be done later as needed. A survey of ground water 
conditions during the rainy season is necessary to determine where to locate tlie 
drains. In some cases these may combine surface drainage with subdrainage. See 
Fig. 209, p. 313, for illustration of a subdrain suitable for most requirements. 

Playgrounds, Tennis Courts 

Areas such as playgrounds and tennis courts may be affected by ground water 
during the spring or wet season. If caused by seepage, an intercepting subdrain 
idong one end of the area will generally suffice to-keep the area dry and playal>le. 
Depth of the subdrain will vary with the location of the impervious vStratum, but 
3 to 5 ft will ordinarily be adequate. 

I'sually a gravel or stone base will not be needed under the court surface. 
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Baseball Diamonds 

A well-drained baseball field usually has a healthier growth of turf and the infield 
soil is not baked hard. Besides being easier on the players, such a field may mean 
more playing days and fewer postponed or cancelled games. 

Drainage layouts will vary with the depth and direction of the ground water. 
One typical successful job of infield draiiuige served to catch surface water as well as 
to intercept ground water. Spacing of 8-in. perforated metal pipe was on 15-ft 
centers. The pipe was covered with pervious material to within fi in. of the surface. 

Stadiums and Athletic Fields 

Actual playing days on athletic fields are usually limited. Every precaution 
should 1)6 taken to keep the field dry and in good playing condition—and to grow a 
stronger, tougher sod for the protection of the players. 

Tiirpaulins are frequently used to cover the playing field l)etween games and 
rolled up on corrugated metal pi[)e during the game. Removal of surface water 
alone is not sufficient, but should be supplemented by subdrainage. Particularly 
is this true in the case of the playing field lower than its surroundings, where ground 
water is almost sure to be encountered. 

The field should be well-crowned and good topsoil be used for the upper 12 in. 
or more. A system of sul)drains placed at a depth of al)out 4 ft below the surface 
will generally keep the ground water level low and make the soil receptive so that 
rainfall will l)e quickly absorbed and carried away fi’om the field. 

A system of sui‘fa.(ai and subsurface drains, as illustrated in Fig. 2311, |). 330 and 
Fig. 227, is effective for most playing fields. 



Fig. 227. Playing field of the Rice Institute stadium in Houston, Uxai is well below the original 
ground surface. Crew here is placing corrugated pipe mains and perforated pipe laterals to 
control the ground water. 
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Running Tracks 

Drainage of cinder running tracks is usually simple. On a base of crushed rock 
or gravel, a layer of 4 to 6 in. of compacted cinders is placed. If the track is on well 
drained soil, no further drainage is necessary. If on an impervious soil that holds 
the surface water, drainage of the base is likely to be needed. 

A single line of 6-in. diameter perforated pipe under the center or one edge of 
the track is sufficient. By giving the subgrade an inverted crown or sloping it 
towards one side of the track and placing the pipe in a trench backfilled with a 
finely graded pervious material, surface water can be (juickly removed. The depth 
of tlie pipe can vary from about 12 in. below the base to whatever depth is nec¬ 
essary to attain a slope of about 0.2 per cent. 

Race Tracks 

So-called ‘Mirt tracks” should be provided with one or two lines of subdrain pipe 
under or at the edges of the straightaway, and with one line on the inside of tlie 
curve. On wide tracks, a paiallel line under the center or the outer edge may be 
needed. Figs. 228-229. 

A depth of 3 to 5 ft is usually sufficient, depending on the source of the water. 
A pervious backfill to within a foot of the surface is desirable. A minimum slope 
of 0.2 per cent is recommended. 

Surfaced or paved race tracks can be drained similarly except that the pipe 
should be kept beyond the edges of the pavement instead of under them. 




Fig». 228-229. Garden State race track near Camden, N. J. is kept in good running condition with 
the aid of a subdrainage system of perforated metal pipe. Upper view shows surface inlet in 
gutter at inside rail. Lower view shows pipe outlet. 
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Agricultural Subdrainage 


Soils inadequately drained are detrimental to land dev'elo|)inent and plant pirowtb. 
Agricultural land, golf courses and parks, airports, cemeteries and residential dis¬ 
tricts are often greatly benefited by adeiiuate subdrainage. 

Moisture Requirements 

The ideal soil for cro])s and other vegetation is one containing a, !)alanced supply 
of water, air and jilant food.* The proper combination is found in a medium open 
soil which pei'inits rajiid j^ercolation of surface water, yet retains a largo amount of 
capillary water. Free water is injurious if it excludes the air from the root horizon 
too long. But capillary water is beneficial to plant growth, and in (combination with 
air, liberates plant food from the soil. An open soil promotes deeper root growth 
which enal)les crops to withstand droughts for longer periods. Further advantages 
of an open soil are: 

Friability and ease of cultivation. 

Greater ]ilaiit food sui)ply. 

Resistance to heaving by alternate fre^ezing and thavving. 

More air and more warmth. 

Soils a|)i)roaching a pure sand or gravel generally do not retiiin moisture nor are 
they capal)le of raising sufficient water by (capillary acetion for plant growth. The 
ad(lition of humus, clay or various binders is necessaiy to imerease their water¬ 
holding capacity, and to suf)ply plant hxxl. Heavy clay or loam soils whicch afford 
imperfect natural drainage should be imxlified by nujans of artificial drainage so 
that they more nearly approacch the id(ml (condition. 

A well-drained soil with all free water passing tlirough to the water-tal)le, retains 
al)out the right amount of capillary moisture for plant growth. 

Increased (cultivation and fertilizer usually are not economical substitutes for 
drainage in the production of (crops. 

Movement of Gravitational or Free Water 

Ul)()n entering the ground, water sinks vertically until it reaches the water-table 
or some impervious stratum (Fig, 230). Later it may again rise to the surface as 
(capillary moisture and evaporate. After this water enters the ground, it remains 
there as a residual supply or Ixjgins flowing laterally to some lower supply or outlet. 
•Such outlet may consist of crevices, an open (channel or a natural or artificial under¬ 
ground channei. The water may also appear as a spring on the side of a hill where 
the impervious stratum ends. 

Control of Free and Capillary Moisture 

As is evident from Table 41-1, the coarser textured soils are more permeable, 
retain less capillary moisture and therefore respond readily to drainage. Such soils, 
however, may contain considerable free water if surrounded by or un(lerlaid with an 
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Ground Surface 



iinpervnoiis subsoil, Tliere are sover.il possible solutions fora lii^;h water-table in 
an oj)en soil. If tlicre is a pervious stratum a lower level, it may be ))ossible to 
puneture the impervious layer and drain the water out. In ease of a- bowl shaped 
area, the rim can be cut and drainage outlets be provided. In otlier cases, a drain- 
ajfc system can be installed with an outlet in a sump and pumped out. 

Where there is seei)aj»;e from higher areas, the sour<?o and direction of the water 
should be ascertained and this water intercepted before it can reacli the surface 
and have an adverse elfect. 

For the tijiihter, less i)ervious soils, it is preferable to keej) out as much water in 
the first place as possible. Subdrain pipes are of j»:reat l)enefit in this tyj)e of soil 
by removing; free water and creatinj»: more favoi*able j»;rowinp; conditions. Drain 
pipes at regular intervals serve as outlets for free ground water and facilitate its 
remov^al by shorteninf^ the distance it would otherwise have to travel to a natural 
outlet. 

Preliminary Surveys 

W’herever the |)roper location foj* the drains is not ol)vious (as fretjuently is the 
case on undulating or gently rolling lands), surveys should be made of the areas to 
be drained. And, if available, maps of adjacent areas should be ol)tained either 
locally or from the U. S. Cleologiical Survey, for determining the extent of the 
watershed. Depending upon the nature of the land, either a complete contour 
map should be made, or a boundary line survey with cross profiles at intervals. 

Such a survey is intended to show possible location of the outlet or outlets, the 
natural surface drainage available and the slopes obtainable. In addition, borings 
should be taken or test pits dug at a number of typical places to locate the water- 
table, determine the nature of the soil and obtain, soil samples which can be sent 
to a laboratory for soil analysis. Observation by one experienced in soils can also 
be made in the field to determine perviousness of the soil. Aerial surx eys rdso are 
helpful in deterrnining soil classifications as well as the area of watersheds.^ 
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TABLE 41-1 HYGROSCOPIC WATER IN SOILS'* AND FIELD 
CAPACITY FOR CAPILURY MOISTURE^ 

Expressed in Per Cent by Weight 


Kind of Soil j 

II ifgroscopic 

Moiature 

Cairillnry 

M oiMwr 

.i 

Sandv. 1 

1 to 3 

14 

Sandy Loam.! 

1 3 to 5 

14L; 

Loam. 

5 

Hi 17 

(^hiv Loam. 

5 to 7 

18 

Clav. 

1 7 to 10 

19 


Selecting the Outlet 

The iminher of outlets is f^overned by topographic and other conditions, hut in 
any event the selection should be carefully made. SikOi outlets are usually an open 
ditch or stream. The use of a screen to prevent rodents from entering and building 
nests in the drain is advisal)le. Better yet is the use of a flap-ty))e clrainage gate, 
page 375, which serves not only the purpose of preventing a flooded outlet stream 
from backing into the pipes, but keeps animals out as well. The outlet should be 
protected against undermining and should be deflected so that it enters the stream 
at an angle (see P^igs. 231-232). 



Figs. 231-232. Two types of outlets for farmland drains. Upper view shows that a concrete head- 
wall did not prevent a short-sectional pipe outfall from failing before the contractor left the job. 
Lower view shows how metal pipe outlets can be cantilevered and deflected to enter the stream 
at an angle. 
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High Ground 
Intercepting Drain 


Low Ground 



PLAN VIEW 



Drain Pipe y 
CROSS-SECTION 


(a) Intercepting System 



PLAN VIEW 

(b) Natural System 




(c) Herring-bone 
System 

Fig. 233. 


(d) Gridiron System (e) Parallel System 
Various types of subdrainage systems commonly used. 


Locating the System; Spacing, Depth, Slope 

The main should, so far as possible, follow the line of natural drainage. Drains 
should be in straight lines, or in long easy curves. 

Suhmains should also follow the line of natural drainage. Laterals should be laid 
in the line of greatest slope. Intercepting drains are an exception, generally being 
placed across the slope. 

Design of Lateral System 

Three principal types of lateral subdrainage systems are in common use, the 
herring-bone, gridiron and parallel systems. (Fig. 233). The parallel system is 
the most economical type liecause it involves the least duplication of drainage by 
laterals and mains. The preferable arrangement is short mains and long laterals 
rather than the reverse. 
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TABLE 41.2 SUBDRAIN SPACINGS 
For depths of 3, 4 and 5 ft 


Permmhiliiy 

Ctafifi 

PertneaUlily 

Rate 

In. per Hour 

Simcing for Various Depths 

3 Ft 

4 Ft 

5 Ft 

Very slow. 

0.0 to 0.05 

0 to 15 

0 to 20 

0 to 25 

Slow. 

0.05 to 0.2 

15 to 30 

20 to 40 

25 to 50 

Moderately slow. 

0.2 to 0.8 

30 to 60 

40 to 80 

50 to 100 

Moderate. 

0.8 to 2.5 

60 t o 110 

80 to 145 

100 t o 180 

Moderately rapid. 

2.5 to 5.0 

no to 155 

145 to 205 

180 to 255 

Rapid. 

5.0 to 10.0 

155 to 220 

205 t o 290 

255 to 360 


C. S. Slator, Agricultural Engineering, Sept. 1950, p. 450.^ 


TABLE 41-3 RECOMMENDED DEPTH AND SPACING OF SUBDRAINS FOR 
VARIOUS SOIL CLASSES 


kSoiI ('lasses 

Percentage of Soil Separates 

Depth of 
Hot low 
of Drain 
in Feet 

Distance 
Hetween 
Subdrains 
in Feet 

Sand 

Silt 

Clay 

Sand. 

80-100 

0-20 

0-20 

3-4 

150 300 





2-3 

100 150 

Sandy Loam. 

50-80 

0-50 

0-20 

3-4 

100-150 





2 3 

85 100 

Loam. 

30 50 

30-50 

0 20 

3-4 

85-100 





2-3 

75-85 

Silt Loam. 

0-50 

50-100 

i 0 20 

3-4 

75 85 





2 3 

65-75 

Sandv Clay Loam. 

50-80 

0-30 * 

! 20 30 

3-4 

65-75 





2 3 

55-65 

Clay Ijoam. 

20-50 

20-50 

20-30 

3 4 

55-65 





2-3 

45-55 

Silty Clay Loam. 

0-30 

50-80 

20-30 

3-4 

45-55 





2-3 

40-45 

Sandy Clay. 

50-70 

0-20 

30-50 

3-4 

40 45 





2-3 

35 40 

Silty Clay. 

0-20 

50-70 

30-50 

3-4 

35-40 





2-3 

30 35 

Clay. 

0-50 

0-50 

30 100 

3-4 

30-35 





2-3 

25-30 


The spacing of laterals depends on the physical composition and texture of the 
soils. Having classified the soil according to Table 36-2, p. 297, the spacings 
given in Table 41-2 or Table 41-3 are recommended. They cannot be strictly fol¬ 
lowed in every case, but they serve as a general guide. 

The depths given in these tables may be safely followed in placing laterals. It 



















338 


SUBSURFACE DRAINAGE 


should he remembered that soils loosen up after they have been subjected to sub- 
drainaj^e for several years. If laterals are placed higher, they should be spaced at 
closer intervals to conif)ensate for the loss of head so obtained. Deep drainage is 
preferable to shallow drainage, provided, of course, that the water-table is left 
sufficiently high to supply capillary water for vegetation Jind that the subsoil at 
the greater depth is sufficiently pervious to permit infiltration into the drains at a 
reasonable rate. 

A minimum slope of 0.1 per cent (0.1 ft in 100 ft) is recommended. Steeper 
slopes are better. 

Design of Mains and Submains; Depth and Sizes 

The depth of mains and submains is controlled by the available outlet and a 
minimum recommended slope of 0.1 of 1 per cent. Large pipes have not infre¬ 
quently been installed on grades of 0.05 ft per 100 ft or even less in extreme cases 
Init, almost without exception, trouble with silting has followed. Mains and sub¬ 
mains may be much deeper than laterals if nccessiiry. 

The design of a subdrainage system is similar to that of surface drains, except 
that the runoff to be handled is slower. Character of the surface, soil and subsoil, 
spacing and depth of drains and other factors all affect the rate of runoff and con¬ 
sequently the size of pipe recpiired. 

A runoff of to 3^2 in 24 hours is commonly acce])ted for agricultural 

underdrainage. ‘‘In average Iowa soils (fine sandy loam) systems with laterals 
4 ft deep and 100 ft apart and not piovided with surface inlets, should be designed 
to care for runoff at a rate of at least to in. per twenty-four hours.”*’* 

A runoff of I'i in. per acre in 24 hours is e(iual to .0105 cu ft per second from each 
acre drained. A runoff of in. is equal to .0210 cu ft per second per acre (see 
Table 57-1, p. 312). 

With the rate of runoff or discharge known, the proper size of laterals and mains 
(!an be calculated by the use of Manning’s formula. See page 272. 

Selection of Subdrain Pipe 

Common clay tile is used extensively for agricultural subdrainage. It is low in 
first cost. The short lengths with open, butt joints to admit the ground water 
need to be laid carefully on a uniform foundation. Otherwise mal-alignment re¬ 
sults, the i)ipe silts up and becomes ineffective. 

There are many locations, [)articulaiiy under very shallow cover or in deep 
trenches, where perforated corrugated metal j)ipe is advantageous, longer lasting 
and less costly in the end. Among its adv^antages are: strength to resist crushing 
and disjointing; positive couplings; perforations spaced uniformly to aclinit the 
water fully’ and yet exclude tlie surrounding soil; resistaiu^e to the entrance of tree 
roots in border areas. 

Although higher in price, perforated metal pipe costs less to install, goes together 
quickly, remains effective longer and generally costs le.ss per year. In many loca¬ 
tions it is indispensable. 

French Drains 

A French drain consists of a trench loosely backfilled with stones, the largest 
stones l)eing placed in the bottom, and the size decreasing towards the top. The 
interstices between the stones serve as a passageway for the water. 

Pip)e drainage is preferable in all cases, but for temporary use where the subsoil 
is especially silty and the amount of water is small, French drains have a limited 
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application. They need to be dug up frequently and cleaned out if they are to 
remain effective. 
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Fig. 234. Inlet from reservoir to canal, controlled by an Armco gate beyond the levee. Corrugated 
sheeting helps protect against erosion. Texas. 



i . . / 

Fig. 235. Hel-Cor pipe for rool drainage on a large parking garage in Chicago, UK 







sfcrioN fiaHr 


SPECIAL DRAINAGE PROBLEMS 


CHAPTER FORTY^TWO 

Drainage of Bridges and 
Grade Separations 


Major structures such as bridges, underpasses, overpasses and grnde elevations 
sliould be protected arui stabilized by drainage. 

An undrained fill behind an abutment or retaining wall tends to liastcn the dis¬ 
integration of the wall. Also, lateral pressures tending to overturn the wall are 
greater. If freezing occurs, the lateral thrust may cause failure. 



Fig. 236. Abutment on this grade separation structure on the Oklahoma Turnpike is provided with two 
vertical pipe drain outlets, at right center, leading to outlet at toe of slope, lower left. 
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Fig. 237. Drawing of typical drainage and subdrainage system on rail¬ 
road overpass. Surface water from the bridge Boor is conducted in a 
corrugated perforated deck drain to the corrugoted pipe drains behind 
the abutment. 


Fig. 238. Photo showing 
details of Bat-bottom 
deck drain and stub for 
downspout. 


Surface Water 

Water falliiiRon the suifaeeof a l(mt» hit»h\\ay })rKlt’c sliovihi bedischarjAed throiij^li 
dovvnsixmts at the piers in such a way as not to stain or disinteji.rate the piers. In 
the case of a long overpass, tlie water sliould be downspouted into sewer inlets or a 
drainage ditch. 

At the end of a highway bridge or overpass the water should be caught in an 
inlet and discharged through a spillway to the toe of the slope or into a sewer 
manhole. See Fig. 236. 

In the case of a railway bridge or overpass, the water generally seeps through the 
ballast towards a depression in the center or sides of the dock where a perforated 
corrugated half-circle deck drain is installed to collect and conduct the water to 
an outlet at the abutment, as shown in Figs. 237, 238 and 239. 

In railroad grade separation work through built-up areas, surface water is inter¬ 
cepted near the top of the retaining walls by placing perforated metal pipe on a 
ledge or layer of impervious material and backfilling with concrete sand or graded 
filter material. The water is downspouted at convenient intervals. 
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Subdrainage 

(Jiound watei from tlie fill oi backfill af?ainst the abutment or retaining wall 
should lead to an “mtciccptiiig diain” which consists of a trench or blanket of 
pervious filter material 1 ft or inoie in width oi thickness placed directly against 
the wall. Then, at the lowest point for which a sirtable outlet can be obtained, 
a line of perforated metal pijie is placed with the perforations up and with an im¬ 
pervious mateiial undeineath the pipe and up to the lowest row of peiforations to 
insuie that all of the watei gets into the pipe 

The use of weepholes foi discharging drainage water behind retaining walls and 
abutments is not the best pi.ictice. This is tine because the weepholes are generally 
madeciuate and because the accompanying di‘'Coloration of the concrete or masonry 
IS unsightly A\eepholes may discharge part of the water, if the pervious backhll 
has not unduly shifted oi settled or they may be entirely ineffective 

The cut a])proache^ to an underpass in wet soil should be thoroughly subdrained, 
eithei bv means of an intercepting drain in each ditch or gutter line or surrounding 
the entile pioiect 

Outlets 

The diamage system of a budge underpass or retaining wall should be provided 
w ith a definitely designed outlet sv stem II possible, the w ater should be discharged 
dne(tb into the stieim or into a sewei otlieiwise into an adequate surface ditdi 
The outlet should be as low as piacticable to insuie complete drainage In the 
(ase of underjKisses, this ma\ ie<iune a sump and an automatu pumping system 



Fig. 239. Partly completed subdrain system for abutment of grade separation structure. 
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Airport Drainage 


Airports may range from an emergency landing strip to a major airport covering 
several square miles. The subsoil may be favorable to natural drainage, but often 
the location will involve swampy or unstable foundation soils. 

In any case, the interception and disposal of both surface and ground water on 
these areas is an important problem. The use of thick pavements and stabilized 
mats or bases is not an economical substitute for adequate drainage. 

(lood drainage increases the earning power of a commercial airport, and the 
efficiency of a private or a military field, by extending the service period. It makes 
for greater safety by providing a dry, firm subgrade. A well-drained soil offers a 
more uniform support for runways and direct wheel loads; it encourages a healthier, 
more drought-resistant growth of grass, thus keeping the surface in prime condition. 

Characteristics of Airport Drainage 

Airjiort drainage is different insofar as the landing areas and taxiing strips are 
concerned. Ditches and deep gutters are objectionable. Therefore, some other 
method of uniform interception of surface water is needed, both to prevent loss of 
stability of the ground surface and to prevent*soil erosion. 

Airport drains can and often must carry ground water as well as surface water. 
The drainage system must be strong and durable. Being subject to the weight of 
heavy planes landing on or passing over the drains, they must resist crushing, 
vibration and disjointing. A strong, positively connected drainage system is vital. 

Drainage Surveys 

Before an efficient drainage system can be designed, certain lireliminary infor¬ 
mation must be availal)le, including: 

1. Topographical map of entire site and surrounding area. 

2. Map showing contours of graded site on 1- or 2-ft intervals, along with profiles 
and cross sections along axis of runways, taxiways and aprons. 

3. Profiles of proposed drains. 

4. Rainfall and other climatological data. 

5. Drainage from tributary areas. 

6. Soil and moisture studies. 

Rainfall Data 

It is possible, but not economically sound, to design an airport drainage system 
with capacity to remove the heaviest rainfall within a few minutes after it ends. 
A more practical way is to determine the maximum intensity for a one-hour rainfall 
on a one, two or five-year frequency and provide for its removal in a reasonable 
period of time. 

For rainfall intensity-frequency curves, see pages 200-201. There is considerable 
difference in the amount of water to be handled when* computed by various accepted 
formulas. This being the case, local experience and judgment should count most 
in any designs. Further information on runoff formulas for airports is given on 
page 349. 
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Fig. 240. Enlargement of the Philadelphia International Airport required diverting and enclosing a 
stream in three parallel lines of 78 and 84>in. Multi>Piate pipe. Special welded bends were provided 
in the line. 


Drainage from Roofs and Aprons 

Water draining from the roofs of hangars and other l)uildings, or from aprons 
and similar surfaces, should be conducted underground into a sower or into the 
outlet mains of the field drainage system. 

Tributary Watersheds 

Unless located on a plateau or other high ground, an airport may be subject to 
water flowing over the surface from tril)utary watersheds. This surface water should 
be intercepted at the immediate foot of slopes by drain pipe connected to catch- 
basins or drop inlets. 

Ditches or streams crossing the field should be diverted around the edge, or 
enclosed in a conduit of suitable size and strength. See Fig. 240. 

Soil Data 

Tile soil underlying an airport site should be studied to determine (1) the drainage 
characteristics of the soil, (2) the location of the water table, impervious strata and 
seepage areas. Samjiles can be obtained with a simple soil auger (see page 306), 
post-hole digger or from test pits. 

Identification of soil tvfies can be made visually but soil samples should be checked 
in the laboratory. See classification of soils in Table 36-2, page 297. The group 
between sandy loam and silt are the soils most affected by excess moisture.* 


*“Any soil that is wet can \>e drained if the climate and topography are favorable. —If 
ground water is present in the soil then the soil is not impervious and the water can seep out 
as well as it entered, if the proper facilities for outlet are provided.” —"Subsurface Drainage 
for Airfields,” by Capt. Ira P. Griffin, U.S.N., (Retired), in Military Engineer, May-June 1952. 
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At the time of taking soil borings, the level of the water table and the seepage 
zones should be noted. It ma^^ be advisable to repeat this after the grading is 
completed. 


Airport Drainage Design 

Two Basic Types of Fields 

The two basic types of fields are the ^‘all-over-sod” and the runway-type. Al¬ 
though the more important fields use paved runways, the all-over-sod field is suit¬ 
able for private airports, emergency landing fields, auxiliary fields for training pur¬ 
poses and small town airports. 

Drainage of a sod field is much the same as for farm land. See Chapter on Agri¬ 
cultural Subdrainage, pages 333-889. The methods used include the natural, her¬ 
ringbone, gridiron and parallel systems as illustrated on page 336. 

Drainage of runway-type fields generally includes interceptor lines along the 
paved areas. Fig. 241. For the unpaved areas, the drainage may be as for sod fields. 

Drainage Methods 

One or more of the following methods are used for removing unwanted water 
from airports: 

Storm drains 
Base drains 
Subdrains 
Combined'drains 

Storm Drains 

A storm drain is generally considered as a con<luit discliargirig surface water 
only. The water may reach the pipe through catclibasins, inlet grates or by 
firaining into a pervious backfilled trench in a turf valley to enter the pipe througli 
perforations or open joints. 

Many engineers favor a stcirm drain based on municipal practice which depends 
entirely on gutters and catchl)asins to collect surface water, with the catclibasins 
placed in sod areas away from the runways (usually about 175 ft). An alternative 
is to jilacc catclibasins at the edge of the runways with a shallow gutter to (collect 
and conduct tlie water to the catclibasins. The first method may result in erosion 
at the edges of the runway; the second creates a landing hazard esj)e(;ially when 
cross-runway landings are attempted. 

Another method is to use an open grill over a concrete box. This presents no 
hazard but is more expensive. 

Still another method, commonly used, is to place an intercepting trench and 
drain pijie w ith pervious backfill at the edge of the runway. See Fig. 242, page 348. 
This eliminates any ponding on the runway and is not subject to clogging. 

For surface drainage of the sod areas, catclibasins are recommended. 

For larger streams which cannot be diverted around an airfield, enclosure in a 
large single or multiple storm sewer is described elsewhere. Interception of surface 
w’ater from tributary areas and from building roofs has been discussed. 

Base Drains 

Paved areas are subject to cracking, so that w\ater seeps through these cracks and 
also through construction joints. If the base is relative^' impervious, such w’ater 
becomes trapped and results in low'ered base stability, w^eakened subgrade, loss of 
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Fig. 241. Drainage layout for the Rome, Georgia airport. Base drains of perforated metal pipe 
border both sides of the runways and taxiways. Surface and ground water is conducted away by a 
storm sewer system. 


bolul between surfacing and base materials and possible damage from frost. 

Further results may be mud pumping, cracking of the pavement, increased 
maintenance and early failure. 

Design of pavements should include a pervious granular base crowned to drain 
to the edges of the paved area and into the interceptor drains. Sec Fig. 242, 

Subdrains 

Removal of free ground water by subdrainage is often necessary in order to 
lower the water table sufficiently to prevent loss of stability of pavement subgrades 
and turfed field areas due to saturation. 

In northern climates, destructive frost heaving is prevented by lowering the 
water table. Although capillary water cannot be removed directly by subdrains, 
it can often be removed indirectly by lowering the water table. A study of the 
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subsoil and the fill material as previously recommended will determine whether or 
not suhdrainage is needed or can be effective. 

The location of sulxl rains is generally at the edges of the runways and taxi ways. 
These, however, may be supplemented by other lines under the paved areas and by 
lines in the grassed areas. 

Combined Drains 

A coml)ined rlrain functions both as a surfa(;e water drain and as a subdrain. 
Where soil and ground water conditions permit, the combined drain is used because 
it is generally more economical than separate systems. Several combinations are 
possible; 

1. Combined Base Drain and Subdrain —In this case, storm water from the 
runways and grassed areas is carried in a separate pipe line. This combined drain 
can be of small (raj)a(!ity, because the water from the pervious base and any ground 
water will not be of any great volume or reach the subdrain rapidly. The trench 
lias an impervious top to exclude surface water. 

2. Combined Outlet Drain —Under certain conditions, the designer may econo¬ 
mize by utilizing a single pipe for subdrainage and storm water. Storm water is led 
fi’om catchbasins in the grassed area to the subdrain alongside the runway. 

3. Runway Interceptor Drain —A variation of combination (2) is to use a 
pervious intercepting drain along the edge of the runway and to dispense with any 
storm drain in the grassed area. In this case, the same pipe also serves as a subdrain 
for removing groundwater, and possibly also the base drainage. Fig. 242. 



Fig. 242. Combination drain at edge of runway for intercepting surface and seepage water through 
a porous cap and filter and for lowering the ground water level. 
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Fig. 243. Sewer outfall for storm drainage system at Philadelphia International Airport. Note the 
three corrugated metal pipe risers or manholes on the lines of Multi-Plate pipe. 


\Micre conditions [)ermit its use, this type of system has several advantages over 
other luothods. It removes the surface water from the edge of the runway pave¬ 
ment, thus preventing erosion and soft shoulders. Operational hazards are elimi¬ 
nated, since there is no need for curlts, gutters or otlier obstructions. A smooth, safe 
surface is assured for cross traffic as well as for planes that may stray from the run¬ 
way limits on take-offs or landings. 

In accordance with approved runway design, all unpaveid surfaces should slope 
away from the pavement. This |)revents silt from clogging the pervious cap over 
the drain. 

Spacing of Catchbasins 

Catchbasins and manholes serve not only to collect surfac^e runoff but as openings 
for inspection and possible cleaning out of the drainage system. 

In sod areas, catchbasins should be about 175 ft from the edge of the runway or 
apron and spaced approximately 300 ft apart. Wherever ice is a problem the catch¬ 
basins can be on closer centers to aid in steaming open. Some designs include lamp 
holes (small diameter risers) at intervals along the line for ins|>ection purposes. 
These can be 6-in. corrugated metal pipe with solid cover. 

Catchbasins and manholes can be of corrugated metal construction. Fig. 243. 
'’rhis design speeds up construction and also resists impact. 

Determining Size of Pipe—Surface Runoff 

Several methods of computing surface runoff from iiirports are in common usage. 
Any one of these will give satisfactory results when proper weight is given to the 
various factors involved. 

1. IJ. S. Engineers—k procedure developed by the U.S. Engineers is probably 
the most highly refined method of computing runoff availal)le today. It is described 
in the Engineering Manual, Chapter XXI, Part I, published by the War Depart¬ 
ment, Office of the Chief of Engineers. A series of curves on all tlie variables affect- 
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ing runoff has been built up to aid in the solution of the problem. By choosing or 
assuming the values for each of the variables, and applying them properly, the 
engineer may calculate the quantity of runoff for each drainage area. However, the 
process is long and somewhat complex. 

2. CAA Method —The Civil Aeronautics Administration uses an adaptation of 
the Rational Method where: 

Q=C7A 

Q = runoff in cfs 

C=a coefficient representing the ratio of runoff to rainfall (See Table 23-4) 

I = intensity of rainfall in inches per hour for the time of concentration. (A com¬ 
plete set of rainfall intensity-frequency maps is provided on pages 202-205) 

A — drainage area in acres 

Here again a group of curves for determining time of concentration with respect 
to lengths, slope and texture of the areas are provided to aid in calculations. Details 
of this method may be obtained from the CAA Airport Drainage Manual printed 
in 1946. 

3. Armco Rational Method —The rational method as used by Armco has been 

modified by the introduction of the factor has been used satisfactorily in the 

drainage design of many airports during the past 15 years in the following form: 



Q = volume of runoff from area A in cfs » 

A = drainage area in acres 

7 = surface runoff factor or imperviousness from Table 23-5, page 201 
/2 = rainfairin inches per hour. (See rainfall maps, pages 202-205) 



Fig. 244. Installing system of HeUCor perforated subdrains to permit widening of runways at Cleve¬ 
land, Ohio, airport. 
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/=a factor to compensate for surface slope which in turn affects the time of con¬ 
centration 

For slopes 0.5 per cent or less, /=3.0 

For slopes between 0.5 and 1.0 per cent, /= 2.5 

For slopes greater than 1.0 per cent, /=2.0 

This procedure eliminates all charts and graphs. In general, the small individual 
drainage areas into which an airport can be divided are of roughly the same slope, 
shape and area. Therefore, it is possible within certain limits to clioose a constant 
value of which eliminates the necessity of recomputing time of concentration, 
slope and length of overland flow for each area considered. 


Example 1: Assume a rainfall of 1.5 inches per hour lasting for one hour, to be 
removed in one to three hours after end of storm, a surface runoff factor of 20 per 
cent from a sodded area of 6 acres, an average ground slope of 0.4 per cent and a pipe 
grade of 0.005 ft per foot. 


A = 6 /=.20 
6X.20X1.5 

V O 


ie=1.5 /=3 
= 0.600 cfs 


*Sf=0.005 


The size of drain necessary to carry either surface or subsurface discharge may be 
computed by means of the Manning Formula: 


g.4XL«x«lxSi 


(2 = the quantity of water a given size drain will carry in cfs 
<S = the hydraulic slope = the fall of the pipe in ft per ft 
A = cross-sectional area of the drain in sq ft 

„ 1 , section 

it = mean hydraulic radius in lt = —;- .—t“" 

wetted perimeter 

n = the coefficient of roughness for the pipe material 


Using the value »S = 0.005 and Q = 0.600 cfs from above, we find from Fig. 1S3, 
page 275, that a pipe between 6 and 8 in. in diameter is reiiuired. In this case, the 
8-in. size would be selected. 


Example 2: In calculating pipe sizes for the combination runway drain, let us 
assume a pavement with a transverse slojie of 0.05 per cent having a width of 75 ft 
and length of 800 ft, a rate of rainfall of 1.5 in. per hour for 1 hour, a runoff factor of 
90 per cent, and a pipe grade of 0.5 per cent. 


75X800 

7 = 0.90 /?=1.5 /=3 5=0.5 per cent 

U7^xa90XK5=0.620cf« 

^ 3 

Runoff 






From Fig. 183 it is determined that for a slope of 0.5 per cent that a 6-in. pipe 
will carry 0.34 cfs and an 8-in. pipe will carry 0.73 cfs. Then the total lineal feet of 
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6-in. pipe to be used at the beginning of this run will be X when: 


0.000775 X(X)= 0.34 cfs 


X = 


0.34 

0.000775 


= 439 ft 


The remainder of the 800-ft line will be of 8-in. pipe, since it will carry 0.73 cfs 
while the total amount to be received is only 0.62 cfs. 

Subsurface Runoff 

The primary purpose of an airport subdrain is to lower and hold the water table 
to the proper depth for soil stability and vegetation. 

Experience indicates that the maximum discharge from a subdrainage system gen¬ 
erally occurs from 4 to 6 hours after a heavy rain of short duration. Rainfall records 
show that the heaviest rains are usually of less than one hour duration. Thus, the 
surface drainage system should be running at a maximum concentration in less than 
45 minutes following the beginning of a rain. Since the drainage system is normally' 
designed to remove surface water in from one to tliree hours following a storm, it is 
generally unnecessary to increase the capacity of the surface drainage system to 
handle the sul)surface water when they are combined. 

The amount of subsurface runoff within the boundaries of the airport, and dis¬ 
counting that from tributary watersheds, is equivalent to the rainfall less the surface 
runoff, less the water lost through evaporation and that used by plant life. The na¬ 
ture of the terrain, its size, shape and slopes, as well as the character and slopes of 
the substrata, are contributing factors. The rate of subsurface flow depends largely 
upon the permeability of the soil, the slope of the substrata and the tributary area. 

Subsurface runoff has, by exi)eriment, been determined as equivalent to a (jertain 
depth of water to be drained away within a period of 24 hours. Tests by the Engi¬ 
neering Experiment Station of the University of Minnesota indicate that-jlc m- to 
H in. of water per acre in 24 hours is a satisfactory rate of runoff for average soils. 
This factor may be increased to % in. or even 1 in. for regions of exceptionally heavy 
ni,infall, or where more pervious soils are encountered. 

While it is customary to refer to subsurface runoff as “inches of depth that must 
be removed in 24 hours from the watershed or drainage area,” this unit called 
“drainage coefficient” must be converted to cul)ic feet per second per acre before 
runoff requirements can be compared with subdrain ca|)acity. Table No. 37-1 may 
be used as a conversion table for this purpose. The size of pi])e can be computed by 
the method shown on page 349, exactly the same as for surface intercepting drains. 

Spacing and Depth of Subdrains 

Spacing of subdrain.^ depends upon the type of drainage system used and the 
depth at which it is installed. This depth in turn depends largely upon the character 
of the soil to be drained. Table 41-2 will serve as a rough guide. In no case should 
the data given in this tal)le be considered more than an approximate guide. 

Requirements of Airport Drains 

Selection of the airport drain is of prime importance not only from the standpoint 
of safety but for economic reasons. Since airport’ drainage requirements are more 
stringent than almost any other type of service, it is wise to consider all the factors 
involved and to profit by tli^ experience gained in farm, railway and highway 
drainage. 
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Fig. 245. Installing Hel-Cor perforated pipe on an airport. Long lengths with tight, bolted joints 
help to bridge any inequalities in the trench bottom. 


If the need for drainage is present when the airport is built, it generally eontinues 
as long as the field is in operation. This means that to be economically sound the 
drainage system must function efficiently both as a conduit and as a structure for a 
long period of time. To replace pipe that has failed is often much more expensive 
than the original installation. This is especdally true where costly surfacing ma¬ 
terials and interference with ground equipment are involved. 

Failure of airport drains can generally be traced to either structural failure, 
caused by crushing and breaking, or loss of efficiency as a conduit by reason of mal¬ 
alignment or clogging. 

Structural Strength 

Airport drains must be considered for their resistance to intensified vibration, live 
and dead loads, as well as imj)act stresses along and under the runway. (Continued 
drainage efficiency and the maintenance of safe flying facilities arc based on the 
ability of the drain pipe to withstand the e.xcessive pounding of airport traffic. 

Furthermore, the very nature of subdrains—lowering the water table or inter- 
ce[)ting ground water—implies that they will be placed on a wet, unstable founda¬ 
tion. Obviously, then, the subdrain must be able to bridge inecpialities in the sub¬ 
grade. This requires a continuous line with tight joints—a line of uniform strength 
throughout its entire length. Fig. 245. 

Mal-alignment 

Mal-alignment is a common cause of drainage system failures where short sec¬ 
tional pipe is used. Plain or unglazed tile has long been a favorite for draining farm 
lands, not so much for its drainage efficiency as for its relatively low first cost. Even 
though farm drainage systems are not .subject to heavy loads or excessive impact, 
they frequently fail, especially where frost action is severe. Such failures in an air¬ 
port system could have serious and expensive results. 
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One of the greatest disadvantages to short sectional pipe is the lack of positive 
connection between sections, and the inability of the pipe to adapt itself to uneven 
or yielding foundations. When such lines are subjected to loading, and especially 
vibration, the pipe often loses both grade and alignment. It up-ends or is otherwise 
disturbed to such an extent that silting and stoppage of flow destroys the effective¬ 
ness of the subdrainage system. 

Drainage Efficiency 

Structural strength is important but of little value if the drainage system fails to 
function as a conduit for other reasons. Openings in subdrainage pipe should be of 
balanced design. In the interception of surface water, for example, rapid infiltration 
is desirable, yet for continued efficiency the oj)eriings should be designed to ex¬ 
clude backfill material. 

Where a pervious backfill enables large (piantities of water to cpiickly reach the 
drain pipe, perforations in the wall of the pipe, because of their greater efficiency, are 
preferable to large open joints. They permit the water to enter along the entire 
length of the drain. There is less horizontal flow to disturb the backfill material and 
the perforations are less likely to admit solids that would clog the line. Then, too, 
closed joints, tightly connected, help to prevent disjointing, loss of alignment and 
clogging of the pipe. 


Determining Safe Depths of Cover 

Methods of determining the safe ininimuin cover over coi rugated metal pijx* and 
Multi-Plate Pipe of various gages are given on pages 134-131). These a[)pl\' to airport 
loading conditions. 
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Fig. 246. Cracking of pave¬ 
ment ("alligatoring") is one 
evidence of inadequate 
drainage or of water in the 
subgrade. 




Fig. 247. Landslide has destroyed a portion of this mountain highway. One of the basic causes is the 
presence of excess moisture which made the mass unstable. 


CHAPTER FORTY-FOUR 

Landslides 


Landslides have been (iefined l)y Terzaghi as follows: “The term landslide refers 
to a rapid displacement of a mass of rock, residual soil or settlement adjoininj^ a 
slofte in which the center of gravity of the moving mass advances in a downward and 
outward direction.” 

Landslides are a major phenomenon. They involve not only hillsides and moun¬ 
tainsides but cuts and fills for roadways, channels and other engineering works. 
Fig. 247. 

The change from equilibrium and stability to the movement of vast volumes of 
earth or rock may require only a slight change in the balance of forces. These in¬ 
clude the addition of water to masses of earth or to lubricating planes. Other dis¬ 
turbing factors could be undermining, cave-ins due to underground settlement and 
explosions or earthquakes. 

Corrective Measures 

The analysis of landslides and a recommendation of the corrective measures to 
apply requires the skill of geologists and soils engineers. An excellent reference and 
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Fig. 248. Slide area along a state highway in southeastern Ohio where control is obtained by low 
metal retaining wails, left, backed by a subdrainage system. 


bibliography on this subject, particularly as applied to highways, is to be found in 
Highway Research Board Bulletin 49, “Analysis of Landslides,” 1952, by R. 1^\ 
Baker* and H. Gordon Larevv.f 

Five control metliods or retaining devdees on highways are des(M’il)ed: 

1. Buttresses 
M. Rock. 

b. Genientation of loose material at toe. 

c. Ghemical treatment—flocculation at toe. 

d. l^xctivate, drain and backfill—at toe. 

e. Reification - raise grade at toe. 

f. Drainage of the toe. 

2. Cribbing—corjcrete, steel (Fig. 248) or timlier. 

3. Retaining wall—masonry or concrete. 

4. Piling—steel, concrete or timber. 

a. Floating. 

b. Fi.xed. 

5. Tie>rodding slopes. 

Each of the methods has its advantages and disadvantages, which are descrilied 
in the above l)ulletin. 

Drainage 

Since one of the basic causes of landslides is e.xcess moisture, one of the funda¬ 
mental ways of preventing or curing them is by drainage. This requires intercepting 
both surface water and ground water before they can reach the mass that is subject 
to slides; also, it requires draining the mass to stabilize it. Drainage reduces the soil 


♦Engineer of Soil Mechanics, State Road Commission of West Virginia, 
flnstructor of Civil Engineering, Purdue University. 
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shearing forces by reducing the weight of the moving mass and by eliminating hy¬ 
drostatic pressures. Drainage also increases the shear strength of the soil. Fig. 249. 

Corrective measures by means of drainage are subdivided as follows in Bulletin 
49: 

a. Surface. 

(1) Reshaping landslide surface. 

(2) Slope treatment. 

b. Sub-surface (French drain type). 

c. Jacked-in-place or drilled-in-place pipe. 

d. Tunneling. 

e. Blasting. 

f. Sealing joint planes and open fissures. 

Drainage may not be simple nor inexpensive. The geologist who has tlioroughly 
examined the site or who has available the results of the survey and borings can best 
advise the remedy. He can tell where to apply the drainage so that it will be ef¬ 
fective and cost least. 

Interception of surface water may be done by a ditch oi* impervious gutter. Inter- 
(repting all of the ground water before it reaches the mass is more difficult. It may be 
necessary to go very deep with a pipe subdrain in a poi vious-ba(rkfilled trench. It 
may be necessary to jack a subdrain pipe (see Fig. 250) or to tunnel. 

Draining the mass is often of the greatest importance. It requires much skill if it 
is to be done effectively and economically. Because of continued soil movements 
and shrinkage during drying, only strongly connected pipe can be effective. Long 


Fig. 249. Locating the source 
of ground water is usually 
not easy. Here in northwest¬ 
ern Illinois a subdrain pipe 
will be backfilled with a per¬ 
vious filter to trap the water 
and stabilize a slide. 





1 
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Fig. 250. A crew is here drilling a hole along the new West Virginia Turnpike to tap suspected 
water pockets. After the drill is removed, long sections of 2 or 2'/2*in. perforated galvanized smooth 
tubing are inserted into the hole. Note the one tube beyond the drill with a small flow of water. 


lengths of perforated corrugated metal pipe, tightly joined, are most satisfactory for 
this service. 

Culverts and sewers in areas subject to sliding should also have positive joints. 
Otherwise they will pull apart and discharge their contents into the mass, thereby 
aggravating the slide. 

To repeat, landslides are expensive and their cure may be, too. Various control 
methods are available but a specialist should determine which, if any, is economical. 
Because drainage eliminates one of the basic causes of slides, it deserves prime con¬ 
sideration . 



CHAPTER FORTY^PtVE 


Soil Conservation 


PART ONE 

ROADWAY EROSION PREVENTION 


One of the most destructive forces that the engineer is called on to combat is that of 
soil erosion. Erosion makes gullies on the shoulders and slopes of embankments; 
gouges out side ditches and endangers the road foundation as well as traffic; under¬ 
mines fills and backslopes, causing landslides; undermines bridge foundations; 
washes out drainage structures and other engineering works; fills and clogs ditches, 
culverts and other waterways with sediment. 

Proper design at the time of construction will eliminate much of the burdensome 
problem of maintenance. 

Erosion of Slopes 

The erosion of the side slopes of cuts and fills becomes a serious ])roblem if any 
considerable amount of water flows over them. The etTcc^t of the water that falls 
directly on the slope may be minimized l)y sodding, strip-sodding oi* by terra(;ing so 




! 


Fig. 251. A bituminous berm and metal shoulder drain ('lembankment protector") along a highway in 
Minnesota. This is an effective way of preventing erosion of slopes. 
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Fig. 252. Storm water from a mountain highway in California (upper right) Is conducted in a corru¬ 
gated pipe spillway to protect the embankment slope and the roadway below. 


US to reduce the velocity. It is often possible to divert the water from adjacent areas 
l)y means of a ditch alori^ the top of the*slope. Water thus diverted or collected in 
terraces can be conc^entrated ancl led down the slope in a pipe or flume. The water 
that falls on the roadway of a fill section can be confined by a berm along the 
shoulder arid then disposed of in a similar manner. See Fig. 251. 

Transverse Gullies 

The most common form of erosion and one which frequently threatens a roadbed 
is transverse gullies. Such gullying may result from scour at the inlet end or from a 
turbulent discharge at the outlet end of a short culvert, and can be prevented by ex¬ 
tending the culvert beyond the affected area. If the culvert pierces the roadbed near 
the top of a high embankment, transverse gullying can be prevented by the installa¬ 
tion of a corrugated metal culvert extension equipped with elbows at top and bot¬ 
tom to fit the extension to the slope of the embankment. See Fig. 252. A slight tend¬ 
ency toward erosion at the ends of a culvert, likely to lead to gullying, may be cor¬ 
rected by means of a flared or drop-type inlet, or by the use of riprap or paved gutter 
at the outlet. 

As a rule, every effort should be made to install the culvert so that the discharge 
will be beyond the toe of slope. In cases where this cannot be done, it will probably 
be advisable to extend the structure with a corrugated metal pipe having sufficient 
strength to act as a cantilever and still function properly. If the structure is not ex¬ 
tended, an apron or spillway of suitable material is necessary to protect the 
embankment. 

Use of Vegetation 

Erosion of slopes can be retarded if a rank growth of grass or other vegetation can 
l)e maintained. Native vines and grasses are preferred especially those that grow 
rapidlj'' and have spreading root systems. Honeysuckle, Bermuda grass, lespedeza, 
sweetclover, red top, kudzu and other ground covers are effective for this purpose. 
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TABLE 45-1 SPACING OF DITCH CHECKS 


Formula: Spacing Between Checks, In Feet 


Diff. in Slope 
Between Hoad 
and Proposed 
Ditch, 

A—B Per Cent* 


Values of h, in 

Feet 


/ 


3 

m 

S 


200 

300 

400 

500 

600 

1 

100 

150 

200 

250 

300 


67 

100 

133 

167 

200 

2 

50 

75 

100 

125 

1.50 


40 

60 

80 

100 

120 

3 

33 

50 

67 

83 

100 

m 

29 

43 

57 

71 

86 

4 

25 

38 

50 

63 

75 



33 

44 

56 

67 

5 


30 

40 

50 

60 



27 

36 

45 

55 

6 


25 

33 

42 

1 50 

1 


Notes on construction of Ditch Checks: 

1. For ordinary soil, allow a ‘2 per cent flow grade between spill¬ 


ways. 

2. Generally allow a 2-ft drop for the water. 

3. It is u.sually advi.sablo to turn the wings back and raise the 
outer ends to fit the shoulder and backslopo. 

4. Extend wings far enough back into the slopes to make effeidive 
cut-olTs. 

5. Insofar as possible, use the natural undisturbed ground as a 
form. When wood forms are necessary, use every iirecaution to tamp 
tlie backfill solid. 

♦See Fig. 253, page 302. 


Willow, locu.st, sumac, roses and native trees or shrubs can be used to stal)ilize the 
slopes where they will not interfere with the flow in the drain or present an objec¬ 
tionable appearance. Modern highway practice favors the preservation of existing 
trees and shrubs that do not interfere with the sight distance and the planting of 
additional material in order to help prevent erosion. 

Ditch Erosion 

Aside from the use of vegetation, several systems for controlling ditch erosion are 
available, employed separately or in comliination. Open drainage channels may be 
lined with rubble or be paved, the ditch may be replaced with a pipe^ or conduit or 
check dams can be installed to slow down the velocity of the water. See Table 45-1. 

When open ditches are called upon to care for velocities of flow exceeding 2 ft per 
second, erosion is a hazard that cannot be disregarded. The simplest method of 
controlling erosion is to provide a succession of ditch checks or weirs across the 
ditch, thereby slowing down the velocity of flow so that suspended solid matter will 
l 3 e deposited behind the checks and stop the erosion. The difference in elevations 
of the tops of successive checks should not exceed 3 ft in order that the ditch will 
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Fig. 253. Ditch checks of metal or concrete reduce the slope of the ditch bottom and thus retard or 
prevent erosion. The method of computing the spacing can be determined from Table 45-1, page 361. 
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not be too deep. (Fig. 253, Table 45-1). Ditch checks are a possible hazard , to 
traffic and they interfere with mowing and other maintenance operations. 

The checks may be constructed of many materials: sod, brush, logs, woven wire, 
wood planks; or loose rock can be used for temporary checks. Corrugated metal, 
steel sheeting, bin-wall sections, rubble masonry, concrete or earth dams with drop- 
inlet pipe culverts have all l)een used for permanent installations. Figs. 254 through 
257, and Fig. 259, page 3GG. 

Ditch Enclosure in Storm Sewer 

When the grade of the ditch is in excess of 5 per cent, the cost of placing ditch 
checks will be such that it will usually be cheaper and more satisfactory to provide* 
a paved gutter or conduit for the entire length of the hill. 

Erosion of a side ditch may not only undermine the roadway but may deprive the 
backslopes of support and cause landslides. 

As an effective means of preventing pavement undercutting due to ditch erosion, 
a parallel drain of corrugated metal pipe can be laid in the (litch bottom and then 
covered over. Its continuous, flexible construction enables the })ipe to resist any 
disjointing effect of a high velocity of flow through the pipe and to conform to a 
shifting or subsiding foundation soil. 




Fig. 256. Ditch check of Armco corrugated steel sheeting in a reclamation district In central Washing¬ 
ton with rock spillway and sheeting cut-off wall. 
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Fig. 257. A series of corrugated steel sheeting ditch checks in on irrigation ditch in Utah. 


Paved Ditches 

$ 

Paved <lit(^lies arc used when hij?h velocities (aiiinot he avoided. They may 
consist of Portland cement or bituminous concrete, or of rubble with dry oi* ^i-out- 
filled joints. If the volume of water is sudicMent, a storm sewer can be })lac(id in the 
dit(;h line with frecpieiit si'atinj;- inlets as shown in Fi^j;. 2.58. 

On some highway and railroad fills, a paved or surfaced ditch is constructed 
along the shoulder. Inlets admit the water to |)ipe spillways oi‘ flumes leading 
down the slope. A specially designed metal inh't oi’ “embankment protector” that 
has been used with much success is shown in Fig. 2.51, p.Mge 359. Inlets may also 
consist of wooden boxes fen* temporary use, oi* of concrete or coi*i*ugated metal |)ipe. 



Corr. Metal Pipe in Ditch 


Fig. 258. Side ditches can be protected against erosion in a number of ways. Paving the ditch or 
providing a pipe storm sewer are effective ways. In other cases, sodding or riprapping may be 
adequate. 
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Spillway Capacity 

ho far as capacity is concerned, embankment spillways may be considered in the 
same category as culverts or long pipe lines with free outlets. The spillway gradient 
will invariably be greater than the “critical slope” so that the capacity is limited l)y 
the amount of water which can get in at the entrance or inlet. If the inlet is of the 
“sharp-crested weir” type, the values in Table 45-2 will give its capacity when 
the inlet dimensions are known. The size of the spillway flume or pipe can be ap¬ 
proximated from the “free outlet” table in Table 26-2, page 2110, when the inlet 
discharge is known. If a flume is used it should have sufficient fi’eeboard to prevent 
overtopping by wave splashing. 


TABLE 45-2 DISCHARGE FOR WEIR NOTCHES IN EROSION CHECK DAMS* 

Computed by formula 0 = 3.39lH*/‘''t 
Where Q-discharge in cubic feet per second. 

1.=length of weir notch in feet. 

H=depth of weir notch in feet. 

Note: The Wisconsin model tests indicate that for weir notch dams of special design and operating under a maximum 
head of 1.5 feet under ideal conditions, the coefficient in this formula may be increased to 3.60. 


Depth of 



Lemjth of Wei;r Notch 

in Feet 



Depth of 
Weir 

Notch, 









Notch, 









in Feet 

1 

2 

3 

i ^ 

5 

I 


8 

in Feet 

0.5 

1.2 

2.4 

3.6 

I 

4.8 

6.0 

1 7.2 

8..4 

0.6 

0.5 

1.0 

3.4 

6.8 

10.2 

13.6 

17.0 

20.3 

23.7 

27.1 

1.0 

1.5 

6.2 

12.5 

18.7 

24.9 

31.1 

37.4 

43.6 

19.8 

1.5 

2.0 

0.6 

10.2 

28.8 

38.3 

47.9 

57.5 

67.1 

76.7 

2.0 

2.5 

13.4 

26.8 

40.2 

53.6 

67.0 

80.4 

93.8 

107.2 

2.5 

3.0 

17.6 

35.2 

52.8 

70.5 

88.1 

105.7 

123.3 

140.0 

3.0 

3.5 

22.2 

44.4 

66.6 

88.8 

111.0 

133.2 

155.4 

177.6 

3.5 

4.0 

27.1 

54.2 

81.4 

108.5 

135.6 

162.7 

189.8 

217.0 

4.0 

4.5 

32.4 

64.7 

97.1 

129.4 

161.8 

104.2 

226.5 

258.9 

4.5 

5.0 

37.0 

75.8 

113.7 

151.6 

180.5 

227.4 

265.3 

303.2 

5.0 


9 

10 

11 

1 

IS 

13 

1 14 

IJ) 

16 


0.5 

10.8 

12.0 

■■ ■ 

13.2 

14.4 

15.6 1 

16.8 1 

18.0 

19.2 

0.5 

1.0 

30.5 

33.0 

37.3 

40.7 

44.1 ! 

47.5 

i 50.9 

54.3 

1.0 

1.5 

56.0 

62.3 ! 

68.5 

74.7 i 

81.0 1 

1 87.2 

03.4 

99.6 

1.5 

2.0 

86.3 

05.0 ; 

105.5 

115.0 

124.6: 

: 134.2 

143.8 

153.4 

2.0 

2.5 

120.6 

134.0 

147.4 

160.8 

174.2 

187.6 

201.0 

214.4 

2.5 

3.0 

158.5 

176.1 

193.8 

' 211.4 

229.0 

246.6 

264.2 

281.8 

3.0 

3.5 

190.8 

222.0 

244.2 

266.4 

288.6 

310.8 

333.0 

355.2 

3.5 

4.0 

244.1 

271.2 

298.3 

325.4 

352.6 

379.7 ■ 

406.8 

433.9 

4.0 

4.5 

201.2 

323.6 

356.0 

388.3 

420.7 

453.1 : 

485.4 

517.8 

4.5 

5.0 

341.1 

379.0 

416.9 

454.8 

492.7 

530.6 i 

j 

568.5 

606.4 

5.0 


*From Iowa Eng. Exp. Hta. Bull. 121. 
tKiug’s Handbook of Hydraulics. 
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Water Surface 


Ditch Bank 


H = Drop 

L = Length 

in Ft 

of Pipe in Ft 

1.0 

8 

1.5 

10 

2.0 

12 

2.5 1 

14 



Water Surface 


Discharge end 
4" higher than 
intake end 


Fig. 259. Small ditches with steep slopes can sometimes be protected from erosion by means of 
"pipe drops" as illustrated above. 


Encroachment of Parallel Streams 

The tendency of a stream is to erode on the outside of a curve arul build ui) a bank 
on the inside. This is particailarly undesiraltle where a roadway parallels the stream 
ak)ng the outside of the curve, inasmuch as the roadway is continually being robbed 
of its support. ' 

Relief from this condition is usually by means of slope protection, stream diver¬ 
sion, channel relocation or an installation of a large diameter pipe parallel to the 
road to carry tlie stream, f)rovided the volume of flow is not too great. If a large 
diameter pi[)e is used to j)revent encroachment on a roadway by a i)arallcl stream, 
care should be taken to i)r()vide sufficient waterway under flood conditions. 



Fig. 260. Shores of lakes and streams are protected from wove action by bulkheads of corrugated 
sheeting. Here at the Cleveland (Ohio) Yacht Club is one of a series of docks inside the breakwater 
along Lake Erie. 
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Protection of the slope against stream erosion may he achieved by the use of 
riprap; paved revetment; flexible mats of brush, willow saplings, concrete and 
other materials; wooden or steel sheet piling (Fig. 260); retaining walls of metal or 
concrete (Pig. 261); or by a system of retards. Often the slopes are planted with 
willows or similar trees as an additional protection when retards, jetties, ri{)rap or 
mats are used to prevent cutting below the low water line. 



Fig. 261. Future erosion by Sash floods along a mountain stream in Tennessee will be prevented by 
an installation of Armco bin-type retaining wall. 


PART TWO 


SOIL-SAVING DAMS 


During the past few decades there has developed a better understanding of the 
magnitude of the soil erosion problem and the economic value of taking the neces¬ 
sary steps to prevent the loss of valuable top soil. “Sheet erosion’^ and “gullying’^ 
are being counteracted by terracing, contour plowing, strip cropping, ditch checks, 
soil-saving dams, vegetative coverings, reforestation and other soil conservation 
measures. The principles and practices discussed in the first portion of this chapter 
can be applied, with certain modifications, to farmland. 

A soil-saving dam may vary from a few inches in height up to 10 ft or more. Its 
purpose is primarily to reduce the velocity and scouring action of a stream by form¬ 
ing a partial barrier across the channel. Depending on the present and future 
amount of erosion upstream, the channel above the dam may ultimately be built 
up by sedimentation to the level of the spillway. 

The dams may be built of earth, timber, masonry, steel sheeting, metal bin-wall 
or concrete. Except for the very low dam where the erosion can be controlled by 
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Fig. 262. Overflow of surplus water from a small “farm pond" or reservoir is provided by a “mechan¬ 
ical spillway" of corrugated metal pipe. (From “Build a Farm Pond for Pleasure and Profit/’ Armco 
Bulletin No. PO 3749.) 


veij;etation, a spillway or drain must be provided for an earth dam. Open flumes f)r 
apron spillways are suitable in most cases. In others, a culvert pipe drop-inlet oi’ 
sluiceway through the dam will be found most satisfactory. Typical installations 
using corrugated metal pipe are shown in Figs. 262, 263 and 264. 

Drain Pipe for Dam 

The drain pif)e tlirough soil-saving dams should be watertight under a head 
equal to the ai)proximate height of the dam and should be strong enough to carry 
the load from the earth in the dam witlahit disjointing, regardless of settlement. 
Furthermore, the pipe should resist the erosion of water flowing at high velocity. 

Depending, on the location of the intake with resj)ect to the axis of the dam, the 
pipe must ))e Imilt up to its full height at once o]“ can be built up successively as 



Fig. 263. Pipe spillway for large pond during construction. Note square diaphragms and corrugated 
pipe riser. The pipe at right is a toe drain for Hie dam. 
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the sediment behind the dam increases in depth. A straight or a flared inlet may 
be used. For dams of some height a baffle may be desirable to screen out floating 
debris. 

A 3-in. spacing of rivets along circumferential seams is advisable for pipe to be 
placed through soil-saving dams. For further assurance of watertightness the pipe 
should be coated inside and out, to a thickness of bfrin., with the correct grade of 
l)ituniinous material, and for high dams, soldering at the intersection of circum¬ 
ferential and longitudinal seams may be advisable, and, since such pi|)e lines may 
be subjected to severe erosion, a pipe having a bituminous pavement in the invert 
should be used. 

A watertight field joint is made by using a corrugated collar and > i^i-in. rods and 
nuts with cast lugs shaped to fit the corrugations. See Fig. 59, ]>!igc 75. 

Diaphragms or anti-seep rings are desirable on large darns in order to intercept 
possible seepage along the pifre. 

Artificial Lakes 

Dams for small artificial lakes or farm ponds are generally larger thau soil-saving 
dams and require more care in the design. The dam i iust be of adecpiate size and 
shape to hold the water, adequate spillways must be ])n)vided and seci)age under or 
through the dams must be prevented. 

W’hen impervious clay or clayey soils are availal)l(^ see[)age can l)e i>revented by 
building a well (amipacted core of impervious material thi’ough the longitudinal axis 
of the dairi. The core should extend from well below the base of the dam to a heiglit 
above tlie normal surface of the water: When the matei ial used to construct the 
dam is not sufficiently impervious or when the base is pei'vious for too great a- dei)th 
to handle with a core wall trenched in, a core wall can be f)rovided by the use of 


Baffle Board to Stop Vortex Action to 
Be Solid Timber or Corrugated Sheet 
With Width Equal to 3 Diameters of Riser 


Boardwalk 



'i I 

ij Cone, or Steel Plate Bottom 
Armco Model 101 Slide Gate 


Elevation of Base 
of Emergency Spillway 
Must Be in Natural Ground 


Note: All Pipe to Be Corrugated Metal 
Close Riveted and Bituminous Coated. 


UioTx. Metal Diaphragms (As Req'd) 
]2" Wide C.M. Pipe Connecting Bands 

A 


24"For20'-0"C.toC. 
27" For22'.6"C.toC. 
30"For25'.0"C.toC. 
33"For27'.6"C.toC. 
36"For30'-0"C.toC. 



Fig. 264. Larger pipe spillway for artificial loke or pond, showing slide headgate for draining all the 
water from the lake. Size of diaphragms is shown for various spacings between diophrogms. 
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interlocking steel sheeting. The sheeting should be driven into the foundation soil 
deep enough to prevent the possibility of water flowing under it and should 
extend up to an elevation above the normal surface level of the pond. The metal 
core wall will also serve as a block to rodents. 

Two spillways should be used, a mechanical spillway through the axis of the 
dam to carry normal runoflf and an auxiliary spillway built around one end to handle 
possible flood flows. 

A dro{) inlet spillway, made of corrugated metal i)ipe is gonei’ally the most satis¬ 
factory type of mechani(!al spillway for use in a small pond. It should l)e fabricated 
so as to be watertight, installed with watertight l)ands and diaphragms, properly 
baffled at the inlet and protected against erosion at the outlet. When it is desired to 
provide for complete or partial draining of the pond, the corrugated pipe can be 
extended into the pond and a slide headgate attacdied to the inlet end; see Fig. 264. 

A more complete treatise on the design and construction of dams for small 
ponds will be found in Armco Bulletin No. PO 3749 '‘Build a Farm Pond for 
Pleasure and Profit.” 



CHAPTER FORTY-SIX 


Flood Control and Land Reclamation 


Any broadly oonceivod and (arofully-thoii^lit-oiit planning*; projijnnii, looking 
toward that use ol land loi' which each parcel is naturally best suited, will show the 
advisability of periuancntly retiring lai-ge areas of '‘luarpiinar’ and “submarginal” 
land from cultivation. It will also show that much land can advantageously be 
reclaimed for such purposes as agriculture, reforestation. r(*sid<Mitial sites and 
industrial sites. Land already under cultivation or in use cjin frecpiently be made 
more })r()ductive and valuable. 

Many of the areas available for re(‘Iamation I \ drainage are If>cated along the 
sea coast, gulf coast, inland lakes or streams and may consist of fertile M)il deposited 
from the uplands. The increased value of the land after reclamation should ordi¬ 
narily be greater than the cost of reclamation. Thcrr may ix* other considerations 
from a health stand})oint such as the elimination of mosciuito breeding places. 

General Methods 

In some instafices, marshes, sloughs or swam|)s need only to be provided with 
outlet ditches to drain them by gravity. More often, however, the land available 
for reclamation is low land subject to flood flow or backwat(‘r. The need then is to 
provide a levee or dike which will ])rotect the land from being flooded. 

AMiile a levee serves to j)rotect land from flood and backwater, it also serves to 
prevent natural drainage from taking })lace during low water periods unless a 
culvert or sluiceway is ))rovid(*(l. or })umping is r(‘sorted to. Th(* most common 



Fig. 265. Series of twenty-eight Armco flap gates Model 100 attached to corrugated pipe culverts 
through low levee in Texas. 
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High Water or 
High Tide 
Gate Closed “ 


Low Tide ^ 



Levee 


Corr. Metal Pipe 




Gate Open 


Fig. 1 Preventing Backflow on Drained Land 
Riser May be Used on Inlet End to Build Up 
Land by Means of Sedimentation 


High Water or Hond-ODeroted 



Fig. 2 Controlling Water on Land Side by 
Means of»Hand-Operated Gate 


Fig. 266. Two suggested ways of preventing backflow and of controlling the water level on the land 
side of the levee or dike. 


and satisfartoiy way is to lay an outlet pipe under the levee and i)rovide it with a 
\'alve or gate for controlling Irackwater and allowing natural drainage from behind 
the levee. 

Culverts or Sluiceways 

The type of sluiceway to be used depends upon the size of opening required, 
being either rectangular or circular. Standard corrugated metal pi[)e has l>cen 
used extensively for sluic^eways in diameters up to 84 in., either singly or in inulti|)lc. 
See Figs. 265 and 266. 

Due to saturated and unstable soil conditions, corrugated pipe for levee culverts 
is fabricated somewhat differently than ordinary culverts, including the use of 
heax'ier gages for some sizes. Rivets in circumferential seams on all diameters should 
be on a maximum of 3-in. centers to insure watertightness when bituminous coated. 
Watertight field joints are often specified, as illustrated in Fig. 59, page 75. 

Pipe 60 in. in diameter and larger is often vertically elongated. Where head walls 
are to be used, the inlet and outlet ends should be left round with a gradual in¬ 
crease in vertical elongation to a maximum of 5 per cent under the main load. De¬ 
tails on strutting are given on pages 443-445. 

Diaphragms are usually required as cut-off walls to retard any possible leakage 
alongside the pipe. Such diaphragms or bulkheads should project a minimum of 2 
ft beyond the outside of the pipe, regardless of pipe size, when the diaphragms are 
spaced 20 ft apart. Greater spacing requires larger diaphragms so the distance the 





Fig. 267. Installing an Asbestos-Bonded corrugated pipe culvert under a levee along the Missouri 
River in southwestern Iowa. Note the bottom half of diaphragm in place. 


water must travel is at least 20 percent more than without diaphragms. See Fig. 204. 

Diaphragms should be located midway between circumferential riveted seams 
and at least 4 ft from a field joint. In multiple lines, fliai)hragms should be spaced 
so as to i)rovide a minimum of 12 in. clearance between the faces of diaphragms on 
adjacent pipes. This permits proper placing and tamping of backfill. 

Metal end setdioiis in diameters up to and including 48 in. can be used on the 
ends of the pi[)e as shown on l)ages 262-204. 

The scrvic^e record of corrugated metal pipe culverts and sewers under flood con¬ 
ditions along the Mississijjpi, the Missouri and many other rivers indicates that 
they particularly resist disjointing, settlement and infiltration of the surrounding 
soil. They retain their watertightness under these severe conditions. Under levees 
on the lo^^'er river, the U. S. Engineers si)ecify and use only corrugated metal pii>e. 

Drainage Gates 

Two general types of drainage gates are available, the flap and the screw lift- 
oi)erated types. Lift-operated gates are used where special control is desired, but 
they requiie a caretaker for their timely opening and closing. Should the gates 
become inaccessible l)ecause of impassable roads during a flood, the manually 
operated gates may be rendered useless. 

Wooden flap gates have been employed to some extent in the past, but their 
disadvantages are warping, tardy response to change in water level, leakage and 
fire hazard. 

A flap gate of cast iron (Model No. 100) has been found suitable for pipe openings 
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of 8 to 90 in., where the head of water does not exceed 10 ft above the center of 
the gate. See Fig. 208 and Table 46-1, for dimensions of Model No, 100 gate. 

For rectangular openings 24 to 60 in. square, for heads of water not exceeding 
20 ft, Model No. 103 automatic gate is available. This gate must be fastened to 
concrete or wooden headwalls and therefore is not as easily installed as the Model 
No. 100 gates. Model No. 103 can also be made in sizes to fit the end of Armco 
pipe-arches. 

For heads over 20 ft and up to 50 ft, cast steel and stiiictural steel gates are 
available. 

The al)ove gates consist of a double-hinged flap valve which seats against a 
flange which is riveted to tlie end of a corrugated pipe or bolted to the headwall. 
The gate and seat are accui'ately machined to insure practical watertightness. 
The gate offers but little obstruction to outflow and it responds quickly to slight 
changes in water level. 


TABLE 46-1 DIMENSIONS OF ARMCO FLAP GATE 
MODEL 100 
(All dimensions in inches) 
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From “Armco W’ater (''oiitrol Gates” Catalog G-325ii. 
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TABLE 46-2 SUMMARY OF ARMCO WATER CONTROL GATES 


Model 

No. 

Description 

Maximum 
Permissible 
Head (Face 
Pressure) 

1 Range of 
Usual 
Sizes 

General Use 

50-10 

Slide Gate 
Rectangular 

50 ft 

8 *^x8*' to 
96''x96*' 

Plood control, detention and irri¬ 
gation storage dams, hydroeh'c- 
tric developments. Will stand 
back pressure. 

50-IOC 

Slide Gate 
Circular 

50 ft 

8 " to 96" 

Same as Model 50-10. 

30-05 

Slide Gate 
Rectangular 

30 ft 

18"xl8" to 
96"x96" 

Flood control. Under-levee struc¬ 
tures. Outh'ts for irrigation 
storage dams. Will stand bsck 
pressure. 

30-05C 

Slide Gate 
Cir(!ular 

30 ft 

18" to 96" 

Same as 30-05. 

Lf'vod 

Onto 

Slide Gate 
Circular and 
Rectangular 

50 ft 

Cir. 18" to 
96" diam. 
Rect. 

18"X 18" 

to 96" X 96" 

Flood control and drainage'. W'ill 
stand back pressure. 

101 

Slide Gate 
Circular 

4 to 20 ft 

8 " to 72" 

Irrigation turnout gates. Sluic(‘ 
gates. 

20 -]0(^ 

Slide Gate 
Circular 

20 ft 

8 " to 36" 

Sewage disposal plants and irrign- 
tion districts. Will stand ba(;k 
pressure. 

10-00 

Structural 

Steel 

Slide Gate 
Rectangular 

10 ft 

24"X 24" 
to 

72" X 72" 

Wat('rway gate. 

5-00 

Structural 
Steel Slide Gate 
Rc'ctangular 

5 ft 

24"x24" 1,0 
72"x72" 

Waterway gale. 

lOlM 

Meter Gate 
Circular 

Same as 
101. Lim¬ 
ited by 
height of 
wells 

8 " to 48" 

A turnout gate for measuremc'nt 
of diverted or delivered water. 

140 

Flap Gate 
Circular 

50 ft 

54" to 120" 

Flood control and general drain¬ 
age. 

102 

Flap Gate 
Circulai 

50 ft 

8 " to 78" 

Flood control or swamp drainage. 

103 

Flap Gate 
Rectangular 

20 ft 

24"x24" to 
60"x60" 

Drainage of low areas. Preven¬ 
tion against backflow. 

100 

Flap Gate 
Circular 

10 ft 

8 " to 90" 

Marsh or tidal drainage and flood 
control. 

1001 

Combination 
Slide and 
Flap Gate 
Circular 

10 ft 

18" to 60" 

Equalize water level. Draining or 
filling ponds. Flood control. 

299 

Mud Drain 
Valve or Plug 

20 ft 

4" to 18" 

Sewage treatment plants. W ill 
stand back pressure. 
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Fig. 269. Waters of the Montezuma Slough where the New York State Thruway crosses It are controlled 
by batteries of Armco slide heodgates, Model 30-05. 


Slide Gates: Lift-Operated 

Lift-operated slide headgates are used not only on flood control and drainage 
reclamation projects but also for irrigation, water supply and recreational reser¬ 
voirs. Circular and rectangular gates are available for beads varying from 10 ft up 
to 50 ft. The general limitations of the Armco gates of various models are given 
in Table 46-2. 

A typical low-head installation is shown in Fig. 269. 

For further data on the selection of gates and gate lifts, see gate catalog G-3253 
of Armco Drainage & Metal Products, Inc., Middletown, Ohio. 


Fig. 270. Control of water 
on a large Irrigation canal 
in Idaho is here effected by 
means of an Armco radial- 
♦ype gate. Model 180. 




Fig. 271. Note the HeUCor pipe subdrain installed under a bin*type metal retaining wall along a 
Connecticut state highway near Naugatuck. 




SECTION NINE 


MISCELLANEOUS PROBLEMS 


CHAPTER FORTY-SEVEN 

Earth Control 


Soils mikI other iiuiterials liave tlieir own “anj^le of rc!)ose.” To maintain a steeper 
slope, some ty[)e of wall or sn|)port is necessary to prevent sloii^hin^. Retaining 
walls a.re commonly used for this purpose. For low walls, and for ti’omrhes and 
coflei’dams, sheetiiif^ is the answer. The desij^n and use of these two jrroducts is 
here described. 

Earth Pressures 

For low walls oi’ shallow trenches, u|) to 20 ft, the usual jrractir^e is to use emiriric^al 
methods of determining;’ the earth jiressures. Such metliods have l)een found 
conservative. On liij;h walls or* deep ti’eiiches that are the major item of a construc¬ 
tion jri’oject, a comirlcte soil sui’voy and a moi*e thoi’ouKh analysis of loads may bo 
justified fry jrossible saving’s. 

Regardless of how the pressures are calculated, the kind of soil and the moisture 
conditions are the principal factors and should be >;iven careful attention. 


PART ONE 

RETAINING WALLS 


Riri'AiNiNG walls are commonly used on highways, railways and other public and 
private proi)erty for the following; purpimes: 0) to solve problems of limited ri|;;ht of 
way and to cemfine slopes within practical limits, (2) on njad-widening and grade- 
separation projects, (see Fig. 271), (3) to stabilize steep cut and emliankment 
slopes, (4) to reiiair breaks in roadway, (5) to prevent bank erosion, (0) as wing- 
walls for abutments and headwalls, (7) as loading idatforms, (8) for parking areas 
and (9) as aircraft splinter protection walls and barricades or explosion walls in 
chemical plants. 
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Masonry 


Cribbing 


Bin-Type 


r ^ 

Cantilever Counterfort 

Fig. 272. Various gravity-type retaining walls (top row), and cantilever and counterfort. 



The pressures acting upon a retaining wall tend to slide it forward, make it settle 
or overturn it. The bearing power of the foundation soil is important as is the 
character of the backfill which may vary from well drained gravel to very plastic 
clay. Determination of the magnitude, direction and point of application of pres¬ 
sure is a lengthy and involved procedure and the reader is directed to standard 
reference works on this subject. 

An adecpiate foundation is necessary for satisfactory performance of a retaining 
wall. Most failures have occurred when the walls were built on clay foundations. 
On the other hand, coarse-grained soils provide stable foundations and bacjkfill. 

Clay soils or soils having a high percentage of clay should be avoided in backfills, 
particularly if seepage water is present in the slopes. Stiff clay placed in chunks 
should not be used for backfill unless seepage and surface waters can be prevented 
from entering the backfill material. Adequate drainage, always important, will im¬ 
prove the stability of all backfills. Drainage is essential whenever water bearing 
strata are present in the slopes. 

Types of Walls 

Retaining walls are of three types: gravity, cantilever and counterfort. See 
Fig. 272. Cantilever and counterfort types depend partly on the weight of the soil 
over the footings to give stability. The gravity t3"pe consists of heavy solid masonry 
or concrete, or a cellular, cribbing or bin-t^'pe wall. This latter type is discussed 
here. 

Stability of a gravity wall is obtained through weight. In a cellular or bin4ype 
wall this weight comes largely from the confined filling material, the bin or crib 
serving as a form or container. 

A cellular wall should be s^t deep enough to resist sliding forward along the plane 
of the base. It should be of sufficient base width to resist overturning and resist 
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settlement at the toe caused by overloading or crushing of tlie soil. The units of a 
cellular wall should have sufficient strength to resist flexure or shear, and the con¬ 
nections between units should be such as to resist bulging or other movement. 

It is apparent that the wetter soils exert greater pressure and hence the necessity 
or advantage of employing drainage in connection with retaining walls. See Fig. 271. 

The metal bin-type wall, because of its flexibility, adaptability and strength 
with light weight, has found general acceptance among engineers. 

Recommended Base Width 

In general, the base width or thickness of a bin-type wall filled with earth should 
be about one-half the height of the wall. Where there is a limited oi* level surcharge, 
however, it is conservative pra(;tice to specify the base width eqiinl to about 45 
per cent of the height. In case of a heavily surcharged wall, the base width should 
be increased to at least 55 per cent of the height. For recomnicnded designs, see 
Figs. 274 and 275. 

In order to increase the stability of the wall, a batter or inclination of 1 to 0, or 
2 in. per ft of height, has been adopted in the computations of the accompanying 
design cliarts. If the wall is to be installed without batter, the additional stability 
can be obtained by selecting a design with greater base width. 

Corner Columns and Base Plates 

One of the important features of a metal bin-type wall is the U-shaped corner 
column to which all of the other units are bolted. This is in (contrast to “ci’ibbing’^ 
in which the longitudinal and transverse units overlap at the corners. See Figs. 
272 and 277. 

Base plates serve primarily to aid in building a bin-wall to proper line, grade and 
batter. The}' are not intended to carry the load of the wall or its contents. If the 



Fig. 273. The need for a retaining wall along this mountain road in California is quite evident. 
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ELEVATION 


Fig. 276. Foundation plan and elevation of bin-type retaining wall showing details and how the base 
width and the height can be varied^ using standard units. 


soil within a wall settles, it is intended that the wall should settle equally instead 
of resisting that settlement with possible overstressing of the units (•om])rising the 
W'all. 

W'hen the wall is set on a solid rock foundation, an 8-in. layer of comi)rcssil)Ie 
soil must be placed under each base plate. 

Rigid Transverse Sections 

The transverse section of the bin-type wall consists of overlapping spacer units 
bolted together along the flanges and inserted into the corner columns and bolted 
to both legs of the columns. See Figs. 277 and 279. This provides a transverse 
section suHiciently rigid to pievent bulging in the wall. 

The stringer and spacer units are available in different metal thicknesses (gages). 
This makes it i)ossible to design a wall with a uniform bin or panel length of 10 ft 
regardless of wall height, and at the same time to effect economies in design by 
varying the gage of maUnial as required !)y the pressures at various points. The 
stringer and spacer units have been shaj)ed to eliminate voids in the fill material 
and to j)revent retention of water on the exterior faces of the units. 

Changes in Elevation and Curves 

The stringer or panel units are generally erected on a horizontal plane. How ever, 
the top or base of the wall can be varied to meet changes in grade. This is accom¬ 
plished by constructing “steps” of 16 in., or multiples of 16 in., every 10 ft or multi¬ 
ples of 10 ft (see Fig. 276). 

Where a change in the height of a \vall requires a change in the base width, a 
“split” column is attached to the transverse spacers at an intermediate point. Walls 
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Unit Number 

Name 

Description 

1. 

Column 

Vertical member connecting all other units 

2. 

Column Cap 

Cover for front column 

3. 

Stringer stiffener 

Top flange protector 

4. 

Stringer 

Horizontal longitudinal members in front and rear wolls 

5. 

Connecting channel 

Connector for attaching stringers to columns 

6. 

Spacer 

Transverse members that separate the front and rear columns 

7. 

Bottom spacer 

Special bottom transverse member 

8. 

Base plate 

Installation plate on which the column rests 

9. 

1 X */e" bolts 


10 . 

Vi " nuts 

3 

\ 

11. 

spring nuts 




Fig. 277. "Exploded" view of Armco bin-fype relolnlng wall at a front panel joint. 
View » from rear. 



TABLE 47-1 CURVE DATA FOR ARMCO BIN-TYPE RETAINING WALLS 
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Note: Curvature limits are established by the variation in center to center spacing 
between the top and bottom of columns resulting from slight play at the Joints. The 
difference in the chord lengths at the top and bottom of each panel varies with the 
batter in toe wall because of different radii at the top and bottom of the wall. Data 
.set foith in this table apply only to wails on batter of 2 in. per foot. 
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can be erected on curves as a scries of short straight sections on the shape of the 
bins can be changed to fit the curve bv using short stringers on the inside of the 
curve. See Fig. 278 and Tables 47-1 and 17-2. 


Stringers 


T 

Deflection Angle 



Fig. 278. Deflection angles on bin-type retaining walls can be small or large as shown in Table 47-2 


TABLE 47-2 DEFLECTION ANGLES FOR BIN-TYPE 
RETAINING WALLS 



Dt fin lion AnqU 

Design of 

— 

— 

Wall 

Slandanl Slnnqirs 

Slant Sti inqus 


in Both Fans 

in (ha Face 

A 

0-51' 

\ -lb' to 5 -37' 

B 

0-17' 

3 -24' to 1 -01' 

C 

0 -20' 

2 -3<l' to 3 -08' 

D 

0 -24' 

2 -10' to 2 -31' 

K 

0 -20' 

1 -50' to 2 -10' 


Tliehe doflettions between the fa(es of adijueiit bins < an bo made in 
one bm for aiu height of wall b\ use of the paits indu atod hen more 
deflettion angle is needed in the fa<e of the wall, bins using shoit 
stiiiigers (() in shorter than staudaid) must be separated b\ standard 
bins The minimum sparing of short stimger bins for ea< h height ami 
design of wall is shown In the last figure on ear h line in Table 17-1 


Fig. 279. Method of provid¬ 
ing a large deflection angle 
between two independent 
tangential sections of bin- 
wall. 
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Installation Considerations 

Retaining walls are frec^uently used in connection with iinstahle cut and enil)ank- 
inent slo[)es, and sometimes mistakenly used to stop landslides. Minor slides may 
be stopped but large slides reciuire more fundamental treatment. 

lOxperience has shown that retaining walls are more effective and less susceptible 
to failure if used near the top of a slope rather than at the bottom. Soundings or 
I)oi'ings should be made to determine the subsoil, ground water and foundation 
conditions. Unless a retaining wall can be placed on a uniform, stable foundation, 
it is likely to become distorted. 

(lood drainage back of the wall and the use of pervious material with a subdrain 
to intercept water and prevent lubrication of the base is important. 

A l)in-type wall is advantageous in that excavation may be reduced to a minimum 
by trenching for the bin outlines. Also, by scheduling the assemblv, the earth 
excavated for one bin may be used directly to backfill the adjacent bin if‘the material 
is suitable. It is not necessary to leav^e an unstable slope exposed for long distances 
nor for a very long time. For details of installation, see pages 470-472. 



PART TWO 


SHEETING 


^\ HERK bank erosion is to be prevented or where earth must be retained, as in the 
case of trenches, cofferdams, bulkheads and cut-off walls, the use of steel sheetinj!; 
is quite common. Comparatively light-weight corrugated steel sheets are now 
being used for these purposes where the loads do not exceed the strength limitations 
of the section. 

The points to be considered in selecting sheeting for a job are: (1) pro|)er type of 
unit for various service conditions, (2) units of such size and weight as to l)e easily 
handled, (8) ease and speed of driving, (4) ample strength, (5) resistance to damage 
of the driving and leading edges, (0) ability to be salvaged readily and re-used 
frequently, (7) ease of stoiing the units and (S) nestability for compactness in 
shif)ping. 

Types Available 

Because of the many uses to which steel sheeting is put. several types are needed 
to best meet the individual conditions. Two widely used ar(‘: interloc^king and 
flange. See Figs. 281 and 282. The interlocking type is used primarily where 
practical watertightness is desired such as cut-off walls. Flange t>'pe sh(*pting is 
(commonly used for sheeting tremdies, particularly where wat(;rtlghtness is not 
essential. Tlie flanges can butt against each other or alternate sections ca,n be re¬ 
versed so that the flanges overlap. Flange type sheeting (;an be more easily driven 
to full penetration before excavation is started. 




Fig. 281 .Top: Interlocking type 
of corrugated steel sheeting. 


Fig. 282. Bottom: Flange type 
steel sheeting. 
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Fig. 283. Driving steel sheeting to serve as a cut-off v^oll and half-height headwall on a railroad culvert 
in Iowa. 


TABLE 47-3 PHYSICAL PROPERTIES OF ARMCO CORRUGATED SHEETING 


Gayf 

1 

1 I)((iwal 

Thi< hncs.s 

S<(tion per Unit 

in hnfn s Cnlnd 

Weight per Lineal Foot of 
Shieting Unit—in Pounds 


tn Jn(h(i> 

Flatuji 1 

I ntnUnhinq 

Flange 

Interlocking 

12 

1 .lOKi 

1 

0.(120 1 

0.7(13 

(1.22 

8.75 

10 

1347) 

0.700 

0 0S3 

S.OO 

11.25 

s 

.1(144 

O.O.V) 1 

1.200 

0 7S 

13.75 

7 

.1703 

1,032 ] 

1 300 

10.(17 

15.00 

T) 

.2002 

MS.') 1 


12 4.5 

1 

3 

.2301 

1.32.') 


14.22 



Physical Properties 

The intorlorkin^: type of units have a nominal covering width of 14 in. and are 
manufactured in 12, 10, 8 and 7 gage. Standard lengths are in multiples of 2 ft 
Irom 6 to 20 ft. 

The flange type is 12 in. w ide and comes in 12, 10, S, 7, 5 and 3 gage wall thick¬ 
ness. Standard lengths are from 6 to 20 ft. 

The physical proi)erties of these tw’o types of units are given in the accompany¬ 
ing Table No. 47-3. 

Corner Sections 

Where the interlocking h^^ie of sheeting is used, any abrupt change in direction 
requires a special corner section. Two types are shown in Fig. 2S4. Either type 
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Fig. 284. "r and "X" sec- 
tions of steel sheeting for 
junction points and inter¬ 
mediate bulkheads. Also 
two types of corner sections 
set at variable angles. 








Fig. 285. Two types 
of joints for flange 
type steel sheeting, 
and corner assembly. 



may be used where the wall r^onsists of an odd number of sheeting units. Where an 
even number of units is used, both Type I and 2 corner sections are needed, as shown 
in the sketch. In beginning a wall, it is advisable to first set the corner section in 
place so that the sheeting units will face in the proper direction for making the 
turn. 

The use of and ‘T’’ sections for intermediate bulkheads is illustrated also. 

For corner assembly of flange type sheeting see Fig. 285. 
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Fig. 286, Steel sheeting makes an effective Fig. 287. This steel sheeting check dam protects 
headwall on culverts and sewer outfalls. An a coaxial television coble across a creek in 
angle or channel gives a smooth top line. , Nebraska. 


Driving 

A lumd maul or a light pneumatic hammer is satisfactory for pushing metal 
sheeting or wood sheeting in a trench where the bottom can be excavated aliead of 
driving, and when the earth loads on the sheeting are light. 

If the sheeting is to be driven in advance of excavation, or the side pre^ssures are 
heavy, then heavier equii)ment such as a drop hammer or a pneumatic or steam 
pile-di'iver will be needed. Under these conditions the use of heavy driving ecpiip- 
ment will make for faster driving with less injury to the sheeting for any given 
condition. Light equipment for this type of driving tends to batter the top edge 
of the sheeting and slow down the driving. 

The driving eijuipment must be capable of supplying ample foot-pounds of 
energy to move the sheeting easily. A driver that strikes a heavy blow with a low 
velocity at impact will do the most work with the least damage to the sheeting. 
A long, heavy sheet pile recpiires more energy to start it moving than does a light, 
short section. 

h riction of soil on the sheeting surfaces and force required for penetration are 
factors hard to evaluate. Ivnowledge of local conditions and experience with \’'arious 
types of equipment in drivdng in the soil formations that will be encountered are 
required to select the proper driving equipment. 

Driving heads are used when driving with hand tools or the light pneumatic or 
gasoline drivers with a narrow driving base. They are generally unnecessary with 
gravity hammers or the larger air or stoam liammers having a wide, flat base that 
will spread the blow ov^er one or more widths of sheeting. 


EARTH CONTROL 


393 


Wales and Struts for Armco Steel Sheeting 

Sheeting, without bracing, will support the earth loads if it is driven to suffi¬ 
cient penetration and if it has the required strength. Generally, it will be found 
economical to use a lighter sheeting and support it witli a system of wales and struts 
or anchors. When sheeting is used as a retaining wall, the wales are placed on the 
face of the wall and supported by ties extending through the wall to anchors placed 
in solid earth. In trenches, the wales are placed on the trench side of the sheeting 
and are supported by struts extending across tlie trench from wale to wale. The 
selection of the strength of sheeting and the design of the wales and sui)porting 
members are essentially the same problem in either a trench or wall condition. 

Soil pressures vary with types of earth, moisture content aiul depth. Equivalent 
fluid pressures are commonly used for computing sheeting loads. Tables are 
available in many engineering handbooks. 

Starting with the equivalent fluid pressure, the wale spacing for various gages of 
sheeting can be determined from the chart on pages 394-395. With the wale spacing 
known, the loads on the wales and the size of the wales and their supports can be 
determined by the approximate method outlined below. 

Often wale and strut material will be available on the job and the |)roblem then 
becomes one of determining maximum spacing allowable for this material. 

Load Distribution on Wales 

The load per foot of wale (W) is computed as follows: 

Let: 

p = h]quivalent Fluid Pressure 
d = Depth below surface to wale (in ft) 

Then: 

(1 St Wale) Wi = p/Hdi^d 2 y 
( 2 nd Wale) W^^pMd^+di) (d.-di) 

Succeeding wales are figured similar to W 2 substituting r /4 for dn, d» for d\ and .so 









Depth of wale below Depth of wale below Gage of 

ground surface in feet ground surface in feet Sheeting 
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on. (Subnumbers refer to number of wale from surface.) 

The allowable total uniform load for any size of wale (wood or steel) and for 
any strut spacing may be obtained from standard beam tables available in most 
engineering handbooks. Shear values often determine the maximum allowable 
load. The allowable total load divided by the load per foot of wale will give spacing 
of the struts in feet. The column load on each strut is the load per foot of wale 
multiplied by the spacing of the struts (in ft). The required size of struts can be 
obtained from the column loading tables in engineering handbooks. 

Example: Assume a trench is to be dug to a depth of 20 ft in a wet earth soil 
—equivalent fluid pressure is 40 psf. Available sheeting is 10 gage, timber for wales 
10 in. X 10 in. 

Wales are to be spaced for equal stress in the sheeting with the top of the sheeting 
loaded as a cantilever. 

Then: 

In the chart on page 394, Case 1, Equal Stress in Sheeting, locate intersection 
of 40-lb fluid pressure and 10 gage line. Drop a vertical line from this point down 
through the lower chart where the spacing of the wales is shown as 6, 12 and 
17 ft below the ground line. 

Comj)ute load per foot on each wale: 

(1) Wi^p/S (di+d2)2=40/8(G-f 12)2= 1625 

(2) W2 = ;V4 (da-hdi) (d^-di) 

-40/4(17+6) (17-6)-2530 

(3) W3 = p/4(d4+d2) {d^-(k) 

= 40/4(22+12) (22-12)-3400 

With these loads known, it is possible to determine the required size of wales 
and size and si)acing of struts. 



Fig, 291. Steel sheeting used in trench to repair sewer line break in Indiana. 





Fig. 292. This Multi-Plate underpass gives school children o danger-free crossing of this busy U. S. 
Highway at Fort Knox, Kentucky. 


CHAPTiR PORTY^eiOHT 


Tunnels, Underpasses, Conduits 


General Considerations 

Underground conduits serve many practical purposes besides drainage, sewerage 
and water supply. As underpasses they assure .safe movement of people and live¬ 
stock that must cross busy highways, streets or railroads. In industry, conveyance 
tunnels mean a smooth flow of merchandise, materials or eciuipment, with weather 
protection and freedom from surface interference. Service tunnels and conduits 
protect and provide access to vital utility lines. 

Underpasses for Pedestrians and Livestock 

Pedestrian underpasses And their principal use where people, including school 
children, would otherwise be forced to cross dangerous railway tracks, streets or 
highways. See Fig. 292. Industrial organizations also can include underpasses 
froih parking lots to the plant as a part of their safety program. 

Safety is not the only advantage. Where a business, industry or institution is 
divided by a busy street or railroad, an underpass is the most convenient means 
of access from one part of the property to another. Ijost time is avoided. 
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Fig. 293. Fifteen of these large Multi-Plate underpasses permit stock and vehicles to cross a new 
main line railroad in Wyoming. 


Famis arul ranclios, too, arc fro(|iiently divided by a highway or railroad, requir¬ 
ing livesto(‘k to make daiij»eroii.s crossings. An opening or stock pass under the 
roadbed is the most satisfactory solution. See Fig. 293. 

Conveyance Tunnels 

\Mien a f)lant property is divided by a roadway or other barrier to efheient ma- 



Fig. 294. This liner plate tunnel permits uninterrupted flow of material between sections of an 
industrial plant bisected by an important railroad. 
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Modified Horseshoe 

Fig. 295. A few typical shapes of corrugated metal tunnels, underpasses and conduits. They may 
be circular, elliptical, arched or horseshoe, in spans up to 20 ft or more. 


torials handling, a tunnel is an economical metins of joinitiK the property. Fi>?. 294. 
Examples include a warehouse on the ojtposiU^ side of a track from the |)lant; o) ton¬ 
ing a new raw material pit beyond a roadw'ay. 

Contrjictors and aggregate com|)anies are making use of tunnels and belt con¬ 
veyors under aggregate storage [tiles. Fig. 297, pag(^ 404 . 

Mining companies use metal tunnel linings f(tr entries, (iscapeways, shafts, 
haulageways, overcasts and other ktcations. 

Service Tunnels and Conduits 

Wliere water, steam and gas lines, sewers (tr power c.ables |ta,ss b(‘tween buildings 
or under embankments (tr other surface (tbstacles, tlie trend is t(t place them inside 
a c(tnduit. This [tnttects them against direct loading, impact, (tr c(trr(tsi(tn, and 
against temperature extremes, bombings (tr sab(ttage. Fig. 29S. 

Where used t(t encase sewers (tr high pressure lines, they help protect tlie fill 
and surface installatutns fntm damage in case (tf sudden Itreaks. 

Circumstances will dictate whether to make the tunnel (tr conduit large enough 
t(t walk through. This gives better access f(tr inspecti(tn and re[tairs. 

Brackets, hangers or cushioning bases are easily installed. 

Materials for Construction 

Tunnels, underpasses and conduits can be built of steel, wetod, concrete, vitrified 
clay (tr (tther materials. Of these, corrugated steel is perha[ts nutst wid(4y acc.epted 
because of high strength-t(t-weight ratio, ease (tf installati(tn and salvaltility on 
temporary installati(tns. 

The three basic types of (corrugated metal structures are steel plate linings, 
structural plates and standard corrugated pipe. 
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Steel Plate Linings 

Steel i)late tunnel structures are available in several shapes: (1) circular, (2) 
elliptical, (3) arch and (4) horseshoe. See Fig. 295. 


TABLE 48-1 STANDARD FULL CIRCLE TUNNELS, AREAS AND PLATE COMBINATIONS 
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Diameters are available alwve those shown in the same pattern. 

All cireular sections can l)e made elliptical witli any ratio of major and minor axes. 
Specify on order whether circumferential bolt spacing is to be 0*^*' c. to c. or 12^'' c. to c. 
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TABLE 48-2 DATA ON ARMCO LINER PLATE ELLIPTICAL UNDERPASSES 


No. 
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Periphery, 
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Neutral Axis 

No. Plates Required 

Height 

Width 
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Notes: 

1. For elliptical underpasses use KaRO as shown in Tables 14-4 aiul 14-5 for structures 
haviiiK the same periphery. 

2. Additional sizes of elliptitral Arinco Liner Plate formed 10 per cent ellipticial or less, are 
available if required. 

Experience is the best guide for determining proper gages. However, gage 
tables have been prepared (Tables 14-1 to 14-5, pages 140-143) which serve as a 
guide where no better information exists. Where the liner i)late is to serve as the 
permanent finished opening, the gage and protection of the metal must be deter¬ 
mined accordingly. For details of plates, see Fig. 299, page 406. 

The circular shape ranges from 48 in. to 15 ft or more in diameter in increments of 
2 in. and gages from 14 to 3. Table 48-1 gives basic information on the sizes and 
Table 48-3 the physical properties of this type. 

The elliptical opening is widely used for its high strength in relation to the vertical 
diameter. The most common sizes for underpasses are shown in Table 48-2. They 
range from 4 x 5 ft (rectangular clearance) to 6 x 9 ft, in [Continued on page 404 ] 
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TABLE 48-3 PROPERTIES AND DIMENSIONS OF ARMCO TUNNEL LINER PLATES 
Strength and Weight Data 
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TABLE 48-4 PLATE ARRANGEMENT FOR ARMCO LINER PLATE ARCHES 
—fo Obtain 4 pi Minimum Stagger of Longitudinal Seams 
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[Continued from page J!f01] 

half-foot increments. Larger sizes are also available. Tables 14-1 and 14-2 give 
data on minimum gages to be used under heaviest railroad and legal highway loads. 

Large arch openings of steel plate tunnel lining are often used for sloped mine 
entries. Spans usually range from 12 to 18 ft for mine use, but both larger and 
smaller spans are available. Arches are also used for stock passes. 

Steel plate lining is generally installed by tunneling but can also be placed in 
open trench. It is also used for relining old structures in conditions where it is 
unsafe or uneconomical to use structural plate. It is supplied either black or gal¬ 
vanized and can in addition be asphalt coated. 



Fig. 297. Difficult materials handling problems are frequently solved with underpasses of this type. 


Structural Plate 

Structural plate or Multi-Plate installations may be circular, elliptical, arch, 
horseshoe or pipe-arch in shape. They are available for openings from 5 to 20 ft or 
more. See pages 78 to 93 and 110 to 130 for various sizes and gages. 

Because of its bolted construction and size of the individual plates, structural 
plate is installed in open trench. It is shipped to the job site knocked down, ready 
for quick assembly. 


TUNNELS, UNDERPASSES, CONDUITS 



Fig. 298. Service lines, mounted on a variety of easily attached brackets, are protected and made 
available for repair by this tunnel. 


Standard Corrugated Pipe 

Corrugated metal pipe and pipe-arches are frequently used for conduits, service 
tunnels and underpasses. Sizes range from 8 to 96 in. for full-round pipe, (Fig. 296) 
and from 18 x 11 to 72 x 44 in. for pipe-arches. See pages 72 to 77, 107 to 109, 118- 
119, and 125. Elliptical pipe can also be supplied in the same size range. 

Nestable pipe and pipe-arches, as well as part circle corrugated structures are 
especially useful where a sewer or water line is already in place and a conduit is 
needed around the line. 

Installation Methods 

Four different construction methods are available for installing tunnels, under¬ 
passes and conduits. 

Open trenching is the most practical where the cover is shallow, where it is practi¬ 
cal to disrupt surface activities, and on new construction where the need is antici¬ 
pated before the fill is made. 

Jacking. Where soil and other conditions permit, the jacking method of installing 
corrugated pipe and pipe-arches is practical and economical. This method avoids 
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danger and delays to surface traffic, and does not destroy pavements, or disturb 
tracks or other surface installations. See Chapter 54, page 455, for general instruc¬ 
tions. The most suitable sizes range from 36 to 72 in. in diameter. 

Boring. This method permits installing small pipe, in diameters up to 30 in. 

Tunneling. Where the above methods are not practical because of size, length 
or soil conditions, tunneling is the answer. It avoids open trenches which tie up 
traffic, inconvenience merchants or interfere with business in general. 

The introduction of light-weight but strong pressed steel tunnel liner plates has 
probably done more to expand the tunneling method of installation than any other 
one factor. These plates plus modern excavating and material handling equipment, 
coupled with ingenuity and experience, have resulted in thousands of feet of small 
tunnel jobs being completed each year. 

Besides new tunnels, these pressed steel plates are used for renewal of existing 
or failing tunnels and culverts. Bolting operations are all carried on from the 
inside. Threaded couplings welded into the plates at intervals, make it possible 
to pump grout between the two structures to fill the voids when that is required. 



Fig. 299. Details of Armco liner plate. 


End and Interior Finish 

Appearance and cost are the factors that usually govern the type of end treatment 
on an underpass or tunnel. The ends may be square or beveled,* and the slope may 
be sodded, riprap]ied or landscaped. Simple or elaborate masonry or concrete head- 
walls of any design can be added. It is also possible to supply a building or 
shelter over each entrance. 


♦Beveling applies only to corrugated metal pipe and structural plate—not steel plate linings. 











Fig. 300. Beam-type guardrail is standard on many modern highways and expressways. The above 
installation is on Clear Creek Canyon highway in Colorado. 


CHAPTBR FORTY-NINE 

Guardrail and Bridge Rail 


r]FFicii*:NT jifUMi’driiil must perform two functions of almost equal importance. One 
is to mark the limit of safe travel and warn of danger beyond. To do this it should 
have high visibility, especially in fog or at night, and it should create driver confi¬ 
dence—an intangible but exceedingly important factor. Crowding of the center 
line is reduced and often eliminated by the sight of a sturdy guardrail between the 
vehicle and the hazard. 

The other main function of guardrail is to restrain and guide an out-of-control 
vehicle in a manner that will cause the least damage and not create undue hazard 
to other traffic. Its value is in preventing minor accidents from becoming major 
ones. Three qualities are highly desirable. (1) Beam strength with some flexibility 
—for primary re-direction and guidance of out-of-control vehicles; (2) coordinated 
joint strength—to enable adjoining sections to absorb heavy impact beyond the 
beam strength of individual rail units and (3) in case of impact, to hold the vehicle 
away from the posts to prevent pocketing, and to minimize damage to rail and car. 

Most guardrails are never required to actively resist impact from out-of-control 
vehicles—yet the ability to do this must always be there when needed. 
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The ideal guardrail, then, is one that has high visibility and the right proportion 
of strength to flexibility. It should be simple to install and repair and keep in 
service despite accidents or lack of proper maintenance. 

Various forms of guardrail that have been used in times past, ranging from sap¬ 
lings, wood planks, cable and woven wire to tension plate rail as the speed of 
vehicles increased. Beam type guardrail—as originated in Flex-Beam—is con¬ 
sidered as today's standard and is manufactured in slightly varying forms by 
several manufacturers. Since all of the manufacturers use the same standard post 
spacing and essentially the same width and depth of beam, the principles of design 
for these rails are the same for all. 



Fig, 301. Full utilization of marginal property for this municipal parking lot was facilitated by the 
use of Flex-Beam Guardrail and vertical bin-type retaining walls at Niles, Mich. 


Where Required 

There is one basic principle for determining where guardrail is required: wherever 
its use will prevent minor accidents from becoming major. This principle, if care¬ 
fully followed, will result in well placed guardrail installations on high fills, steep 
drop-offs, watercourses, sharp curves, junctions and parking lots. Fig. 301. 
Quite often guardrail will be found useful on divided highways to separate opposing 
streams of traffic where the median strip may not be wide enough. Bridge approach¬ 
es generally require guardrail. Protection of property, such as buildings and lawns 
may require guardrail. Fig. 306. In all cases the principle is the same; to reduce 
damage and possible loss of life from minor accidents or errors of human judgment. 

Height of Installations 

Since the average height of car bumpers is about 18 in. and since this dimension 
is well related to the center of gravity of cars, the usual height for guardrail in¬ 
stallations is 18 in. from the ground surface at the posts to the horizontal centerline 
of the rail elements. 

This dimension should be adjusted properly for installations on bridges or at 
points involving curbs and walks. The rail elements should generally be set with 
respect to the bridge floor when the rail is close to the floor. However, if a walk or 
other raised surface is between the guardrail and the roadway, it will probably be 
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Fig. 302. Proper height for installing guardrail depends upon the particular location. What serves 
for this industrial use might not be appropriate on a mountain highway. 


better to set the rail height with respect to the intervening surface. 

It may often be advisable to use guardrails in double lines on truss bridges, one 
line vertically above the other and in the same plane. The higher line should be 
placed to provide protection for the bridge members against the contact of high 
truck bodies or loads. Figs. 304 and 305. 

Lateral Placement 

Guardrail should be located as far from the edge of the roadway as feasible. 
Preferably there should be ample space between the roadway and the guardrail to 
permit parking a car free of the roadway. Consideration should be given, however, 
to allow sufficient distance from the embankment slope to permit solid post support 
from the material between the post and slope. 

The distance between edge of roadway and guardrail may be variable. On runs 
protecting high fills or curves it may be desirable to introduce “flares” on each end 
of the run to increase visibility and reduce possibility of striking the installation 
directly on the end. These flares can be accomplished with a single length of shop- 
curved rail or by field bending of the last three or four rails to form a neat curve. 

At bridge approaches it will almost always be necessary to effect rather rapidly 
flaring lines for the guardrail—^particularly where the structure is narrower than 
full roadway width. This can be accomplished with reversed curves or shop-curved 
sections in a pleasing manner and with resulting increased visibility of the rail and 
approaches. 

Intersections are special problems each requiring special study. Guardrail may 
often be used rather close to the traveled roadway to separate traffic streams or to 
prevent parking or encroachment on landscaped islands. 
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FI 9 . 303. Diagram of Flex-Beam Guardrail sHowing simplicity of design and construction. 



Fig. 304. A double or triple line of guardrail is sometimes used to protect bridge members. Spacing 
of posts for guardrail on bridges varies with the spacing of the bridge members. 
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Post Spacing—Highways 

Usage over a period of years is a better indicator of safe post spacing than is 
either theory or computations. In standard practice for highway use this spacing 
has evolved ft for beam type guardrails. Fig. 303. Consequently the stand- 

ard panel length of the rails is also 12J^ ft. This furnishes just about the right 
amount of flexibility to avoid undue damage to the vehicle. 

Sometimes for a particularly hazardous location it is desirable to stiffen up the 
installation by using one half or one third of the standard spacing which still 
permits the economy of standard panel lengths of rail. By selecting either the 
standard weight of rail (12 gage) or heavy duty (10 gage) and post spacings of 
4 tt-l in., b tt-3in.orl2 ft-6 in., six variations in strength of installation can be made 
without special panels other than punching holes for post holes. It should be noted 
that the strength of an installation is determined by post strength and post spacing. 

Post Spacing—Bridges 

Guardrail post spacing on bridges may he governed by the spacing of bridge mem¬ 
bers. Fig. 805. 

A good criterion for computing the maximum allowable post spacing for bridge 
rail can be found in the AASHO ‘‘Standard Specifications for Highway Bridges’^ 
and is quoted below. 

“For curbs 10 in. or greater in height, railings shall be designed to carry a lateral 
force of 150 lb per lineal foot simultaneously with a vertical force of 150 lb per 
lineal foot. For curbs less than 10 in. high the horizontal force is 300 lb per lineal 
foot.” 

Applying this criterion, Table 49-1, page 412 is obtained for Flex-Beam. 

Unless specially ordered in mild steel (for welding purposes) Flex-Beam is 
furnished in high carbon semi-spring steel and 30,000 psi in bending stress is the 
usual working stress. 



Fig. 305. A tingle line of guardrail protects this bridge over the Susquehanna River at Harrisburg, 
Pennsylvania. The rail is independent of the truss members. 
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TABLE 49-1 GUARDRAIL POST SPACING ON BRIDGES 


Steel 

Gage 

Maximum 

Stress 

in Lb per Sq In. 

Allowable Post Spacing, in Feet 

Curbs over 10-In. 

Curbs under 10-In. 

Mild. 

10 

20,000 

12.2 

9.0 

High Carbon. 

10 

30,000 

14.9 

11.0 

Mild. 

12 

20,000 

11.0 

8.2 

High Carbon. 

12 

30,000 

13.5 

10.1 


For practical reasons, the above spacings should be used only as a guide and 
practical spacings of 6 ft-3 in. and 12 ft-6 in. should be used whenever possible. 
Especially should these practical spacings be used on new type construction con¬ 
crete bridges where the guardrail posts are fastened by anchor bolts to the floor for 
they permit the use of standard length guardrail elements. 

For existing structures or for new structures where posts must be fastened to 
either truss members or floor system members, special length sections (shorter than 
12 ft-6 in. only) can be fabricated for the cost of shearing and punching. 

Expansion joints should be provided in bridge rail installations as required by 
the structure itself, since the posts are subject to movement by expansion of the 
truss. Air gap expansion joints are provided by using two posts as close together 
as possible, one on each bridge span. If this can be done so that the overhang of 
the guardrail element beyond each post is small, no end wings are required. As an 



Fig. 306. A wide variety of types of posts ore used in guardrail construction. 
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alternate, the guardrail elements can be overlapped and bolted together with 
double nutted bolts through holes elongated sufficiently to permit the necessary 
movement. 

Posts^Highway and Miscellaneous 

Since only a single hole is required for the attachment of deep-beam guardrail, 
posts are fabricated from all types of materials. 

Wood posts are quite commonly used; in the soft woods 8 in.x8 in. and 6 in.x8 
in. are good sizes; the hardwoods are employed in 6 in.x6 in. and in 6 in. round. 
The rounds are usually peeled pole sections. Preservative treatments are used to ex¬ 
tend post life. 

Portland cement concrete posts are used in 6 in.x6 in., 6 in.x8 in. and 8 in.x8 in. 
reinforced sections. 

Steel posts in several types of section have been in satisfactory service for many 
years. A distinct advantage is that they can be driven without digging a hole 
except when the embankment material is too rocky. For satisfactory service, the 
strength of such posts should be designed as beams equivalent to a hardwood 
6-in. round post. 

Post imbedment in good soil is satisfactory at ft. Since the horizontal center 
line of rail is placed 18 in. above the ground and 6 in. of post is required above the 
bolt hole to support the rail, post lengths are 53^ ft for posts with tops flush at the 
rail to}). Posts should be longer if it is desired to have the post project above the 
rail. AVhere the soil is poor, or where stronger soil resistance is desired, imbedment 
of 43 ^ to 53 ^ ft will produce stronger post resistance than the use of battens. 

Posts used in parking lots or for building-wall protection should be more solidly 
imbedded than posts for highway use. Some “give” is desirable in highway in¬ 
stallations and practice over the years has found the ft imbedment best suited 
to provide the best balance of strength with some relief under heavy contact. 
However, parking lot guardrails are struck continuously with rather light contacts 
which have the effect of gradually pushing the rail out of line. Deeper imbedment 
of the j)osts will aid in preventing this. 

Posts for Bridges 

Posts for bridges are generally structural steel and should be designed to carry 
the design loading from the rail. A good criterion for this is found in the AASHO 
“Standard Specifications for Highway Bridges.” This has been quoted above 
under ‘Tost Spacing—Bridges.” 

Bridge posts are sometimes attached by means of suitable spacers and bolts or 
welding to the outside stringers of the floor system on steel bridges. They may be 
attached to the vertical and diagonal members of the trusses where these are con¬ 
sidered strong enough for the loading. In these cases the posts may be reduced to 
some form of offset blocking, either steel or wood, or omitted completely by fastening 
the rail directly to the member. Welding may be used for this purpose but bolts 
allow of easier replacement of damaged sections. 

For concrete bridges of slab construction, posts can be attached by means of 
cast-in-place anchor bolts. Alternately the anchor bolts may be set by drilling 
holes and grouting in; this method is employed when beam type guardrails are 
used to replace bulky masonry rails on older structures to gain deck width. 

When bridge rails are terminated just off the end of the structure the terminal 
post is generally set in soil. This post should have a deeper imbedment than the 
usual ft to provide stronger post resistance. It should be located so as to use 
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Fig. 307. Curves with a radius greater than 150 ft can be accomplished with Flex-Beam Guardrail 
in the field. Sharper curves are shop formed. Above installation is on the famed Gaspe Peninsula 
of Quebec. 


the terminal section or sections of rail in standard lonM,ths, ])roi)orlv curved to 
provide flares. , 

Curved Installations 

No special problems are involved in the design of beam type j^uardrail lor curved 
installations as no tensioning*; is required. 

For radii greater than 150 ft, shop curving of the sections is not retiuired because 
a smooth curve results from the slight springing of tlie straight sections when the 
bolts are tightened. 

For radii from 150 ft down to 20 ft the sections are easier erected il shop curved. 
Because of the depth of the section, radii less than 20 ft are more difficult to 
curve and may involve a s]jecia] shop oi\ler. 

Better economy will result if curved inst. llations are arranged so as to use stand¬ 
ard lengths. Although it is desirable, from simplicity of installation, to have all 
sections curved their entire length, sections can be curved partially in length 
and the remain<ler left stmight. Curved lengths shorter than standard may be 
obtained at additional cost \vhen reciuired. 

It should be noted that curved sections become “rights” and “lefts” and must 
be specified as “tralUc face conv^ex” or “traffic face concave.” 

Vertical Curves 

Vertical curves as found on highways require no special treatment. There is 
sufficient assembly tolerance at post splices to permit deep beam guardrail to nicely 
adjust to such vertical curves. Grade transitions between a highway and steeply 
sloped private drive may require special consideration when the guardrail is 
curved horizontally and vertically to provide guarded drive entrances. Since such 
situations are not general, inquiry to the guardrail manufacturer should be made 
for possible special fabrication. 






Fig. 308. Liner plates are widely used for mine entries. This one is in West Virginia. 


CHAPTER FIFTY 

Ventilation 


In mining, in industry and in constniction, ventilation is necessary to protect 
against health hazards from toxic pises, excessive heat, moisture and dust. Ventila¬ 
tion codes and minimum standards are usually set and policed by state agencies 
and the U. S. Bureau of Mines. 

The use of corrugated metal and other sheet metal products as important com¬ 
ponents of ventilating systems have been commonplace lor many years. 

Entries and Air Shafts 

Steel liner plates for supporting the roofs of slope entries and the walls of vertical 
air shafts are commonly used in the proper ventilation of mining operations. In 
both applications the liner plate may serve as the permanent structure or it may be 
used as a construction tool jirior to placing another type of lining. Such apjilica- 
tions are reviewed in Chapter 48, Tunnels, Underpasses, Conduits. Fig. 308. 
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Fig. 309. Typical liner plate overcast. 


Overcasts 

Underground mining operations often require some method of directing the flow 
of ventilating air within the mine when the main air passageway is intersected or 
crossed by other passageways or drifts. It is generally neither necessary nor de¬ 
sirable that the air crossovers or ‘‘overcasts^^ be permanent structures, because 
of ever-changing conditions as the mining progresses. To meet the need for an 
economical 4and fully salvable overcast structure, low-ratio rise/span liner 
plate arches are being used very successfully. Corrugated metal pipe and pipe- 
arches are used for some of the smaller size installations. Fig. 309. 



Fig. 310. Corrugated metal pipe is widely used for air conduits in mines. 
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Fan Ducts 

Another phase of mine ventilation where corrugated metal products have found 
ready acceptance is for conduits extending from the ventilating fan to the mouth 
of the fresh air tunnel or air shaft. Corrugated metal ducts have a high strength- 
to-weight ratio, are fully salvable in the event that a change of operations is neces¬ 
sary, resist destruction due to explosive forces and are very fire resistant. They 
may range in diameter from 36 to 84 in., with 48, 60 and 72 in. being common. 
Fig. 310. 

The ducts are normally fabricated so that the fan opening is placed off the center- 
line of the main conduit to prevent damage to the fan in the event of an explosion. 
Spring-loaded doors installed on the outw^ard end of the main duct relieve pressures 
other than normal fan pressures, minimizing damage to the \'^entilating equipment. 
It is also possible to install air lock chambers on the side of the main conduit as a 
part of the prefabricated duct system to facilitate entry into the air tunnel if 
desired. 



Fig. 311. Providing air for tunneling operations in construction work is often done with corrugated 
metal pipe. Job shown is part of 15 and 18-in. Hel-Cor pipe for a mine in Utah. 


Ventilation During Tunneling or Mining 

During tunnel construction, it is often desirable or necessary to provide adequate 
forced ventilation to the working area to make it safe and comfortable. This is 
normally accomplished l)y pumping fresh air to a point near the heading, using 
the excavated tunnel as the air return. 

During tunneling operations which require blasting to loosen the material in the 
heading, the concussion of the blast often causes considerable damage to smooth- 
wall sheet metal and cloth ducts. As a result, several sections nearest the heading 
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TABLE 50-1 COEFFICIENTS OF FRICTION FOR HEL-COR PIPE FOR AIR CONDUCTION 


Dtam. of Pipe 
in Inches 

Coefficient of 
Friction /* 

Diam. of Pipe 
in Inches 

Coefficient of 
Friction f* 

6 

.029-.033 

12 

.038-044 

8 

.033-.038 

15 

.041-047 

10 

.040-.046 

18 

.044-.050 



21 

.()47-.052 


*From Darcv-Weisbac'h formula 


are usually removed prior to and replaced after each blast. However, the resistance 
to collapse of corrugated metal ducts during the blasting operation minimizes 
damage to the duct and makes removal unnecessarv. 

Many tunnel contractors make a standard jiractice of reversing the flow of air 
through the duct immediately following a detonation to rid the tunnel of blasting 
fumes as quickly as possible. Normal direction of flow is then restored for the 
mucking and other operations. 

For pipe ventilation, the helical corrugated metal duct combines the strength 
of a corrugated section with favorable friction characteristics. Fig. 311. The 
friction characteristics of helically corrugated pipe for various diameters are given 
in Table 50-1. These are actual test values for lengths of over 100 diameters. 






Fig. 31 2. The heat duct atop these brick kilns in Ohio is corrugated metal pipe. 
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Fig. 313. Noise deadeners at jet engine test instailations have been constructed of Multi*Plate and 
corrugated metal pipe. 


Heat Ducts and Stacks 

Asbestos-Bonded corrugated metal j)ipe is !)einff used for some industrial ventilat¬ 
ing applications \\here corrosive fumes must be handled. Many of these applica¬ 
tions have been as vertical stacks. 

Cooling or heating concrete aggregates prior to mixing is at times advantageous 
to attain desirable working and setting properties of the concrete. The use of 
corrugated metal pipe through the aggregate piles to serv^e as heat conduits have 
been very satisfactory in the application. Heat transfer through the walls of the 
corrugated metal pipe is rapid and its adequate structural strength, high strength- 
to-weight ratio and complete salvability are definite advantages. Fig. 312. 

Silencers 

A variation of the exhaust duct has been devised to silence or muffle the terrific 
noise produced in testing jet airplane engines. One design is illustrated here. 
Fig. 313. 

Crop Drying 

Agricultural crops such as wheat, oats, corn, rice, sugar beets, hay and tobacco 
have their moisture content reduced to permit safe storage, or are cured, by forcing 
either cold or warm air through them. One method involves the use of a perforated 
metal floor of Steelox interlocking panels. The other consists of blowing air 
through pipes with 1-inch perforations under the crops being stored. 
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Fig. 314. Aggregate handling is expedited by use of liner plate bins such as these at a zinc mine 
in eastern Tennessee. 


CHAPTER flFTY^ONE 

Storage Bins 


Types of Bins 

The mechanization of coal and aggregate processing, grain handling and other 
comj)arable industries has created an increasing demand for economical, easily- 
erected surge and storage bins to permit greater operating efficiency. To meet the 
growing demand, modified Armco Liner Plate, Multi-Plate and riveted corrugated 
metal pipe structures have been utilized to provide very satisfactory, light weight, 
economical and demountable storage units. Bins of this type are of circular or oval 
construction. Storage bins may also be built of bin-type retaining wall units. Com¬ 
plete buildings and hangar type structures have also been used for grain storage 
purposes. 

A wide variation of design exists among the* types of storage and surge bins re¬ 
quired to efficiently handle the many different materials under a wide range of 
requirements. Figs. 314 and 315. 
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leading authorities, bins may be classified as shallow or deep struc¬ 
tures. - The shallow bin is defined as one in which the plane of rupture of the fill 
material orginating at the bottom of the structure passes through the surface of the 
material before it intersects the wall opposite. Conversely, in a deep bin the plane 
of rupture intersects the wall opposite before cutting the surface of the fill material. 

Load Theories and Design 

The load is transferred directly to the walls of the structure in increasing amounts 
as the depth of filling increases for a hin of uniform diameter. When fill heights ex¬ 
ceeding 2 ^ to 3 times the diameter of the bin are reached, all of the weight of the 
material above that level is transferred directly to the walls of the bin! There is 
little increase in the lateral pressures beyond a depth of three diameters. When 
materifil is withdrawn from the bottom of the bin the pressure mav be 10 per cent 
greater than for the material at rest. 
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Fig. 316. Chart for determining volumes of aggregates^ coal and grain in bins of various diameters. 


Shallow Bins 

The design of shallow bins is normally limited to materials such as sand, coal, 
coke, ashes, etc. Calculation of the pressures on the walls of a shallow bin is com¬ 
parable to the calculation of pressures on retaining walls. Space limitation does not 
permit a full explanation of the theory pertaining to such designs. Complete design 
data and solutions by both graphic and algebraic methods will be found in refer¬ 
ences 1 and 2. The designs of the above references include a variety of shallow bin 
types and loading conditions to meet almost any requirement. 

The remainder of this chapter is devoted to the design of circular, straight-walled 
deep bins. 

Research on Deep Bins 

Model studies have been made by various experimenters to better correlate 
theory and practice regarding the stresses occurring in deep bins filled with grain. 
Studies of liner plate bins used to store aggregates, coal and other similar granular 
materials indicate that design based on the above theory, taking proper account of 
the variation in unit weight, angle of repose (which is a function of the coefficient 
of friction) and the ratio of vertical to lateral pressures, will permit a practical 
correlation with the fundamental laws governing the action of grain in bins. 

The conclusions of Ketchum^s Chapter XVII, “Experiments on the Pressure of 
Grain in Deep Bins,”* are of such significance as to warrant quotation here: 

1. The pressure of grain on bin walls and bottoms follows a law (which for con¬ 
venience will be called the law of “semi-fluids”) which is entirely different 
from the law of pressure of fluids. 
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2. The lateral pressure of grain on bin walls is less than the vertical pressure 
(0.3 to 0.6 of the vertical pressure, depending on grain, etc.) and increases 
very little after a depth of 2}/^ to 3 times the width or diameter of the bin is 
reached. 

3. The ratio of lateral to vertical pressures, is not a constant, but varies 
with different grains and bins. The value of k can only be determined by 
experiment, 

4. The pressure of moving grain is very slightly greater than the pressure of 
grain at rest. . . . 

5. Discharge gates in bins should be located at or near the center of the bin. 

6. If the discharge gates are located in the sides of the bins, the lateral pressure 
due to moving grain decreases near the discharge gate and is materially in¬ 
creased on the side opposite the gate. . .. 

7. Tie rods decrease the flow but do not materially affect the pressure. 

8. The maximum lateral pressures occur immediately after filling, and are slight¬ 
ly greater in a bin filled rapidly than in a bin filled slowly. 

9. The calculated pressures by either Janssen’s or Airy’s formulas agree very 
closely with actual pressures. 

10. The unit pressures determined on small surfaces agree very closely with unit 
pressures on large surfaces. 

11. Grain bins designed by the fluid theory are in many cases unsafe as no pro¬ 
vision is made for the side walls to carry the weight of the grain, and the 
walls are crippled. . . . 

Design Formulas 

The two basic equations for determining vertical and lateral pressures occurring 
in a deep bin with vertical sides according to Janssen’s solution are: 


and since L=kV 


, wR/, 

where: 

= angle of repose of grain 
e = 2.718 = base of Naperion logarithms 
jLi = tan (#) = coefficient of friction, grain on grain 
/x' = tan ^ = coefficient of friction, grain on bin wall 
II? —weight of grain in lb per cu ft 
Y = vertical pressure of grain in lb per sq ft 
L = lateral pressure of grain in lb per sq ft 
A — cross-sectional area of bin in sq ft 
U — circumference of bin in ft 
A 

/?= — = hydraulic radius of bin 

fc—ratio of vertical to lateral pressure 
h = depth of grain at any point 


[Text continued on page 4^9] 
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Material @ 50 Ib/cu ft 
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MISCELUNEOUS PROBLEMS 
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Weight 

in 

Lh 
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TABLE 51-2 TYPICAL ARMCO LINER PLATE AGGREGATE BINS 
Material @ 100 Ib/cu ft 
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Total 

Weight 

in 

Lb 

t^cocoTtio 
cqo^cqcq cqcDNwo 
^ QO CC LO cT ift* 

c^CNicoco '^»oco?'*oo 

Weight of 
Stiffeners, 
in 

Lb 

500 

1,200 

1,523 

4,493 

3,557 

8,000 

5,880 

10,927 

15,840 

13,122 

17,820 

18,816 

Weight of 
Plates, 
in 

Lb 

'-|r>-C5C0 00’^r^tO 

OCOOOr-H 

»-i^»qcqcio ’“i.00 

cTcTcTt-^ rCoTr-T'^t'o 
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Bin 

Capacity 
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600 

800 
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1250 

1500 

1750 

2000 

2250 

2500 

3000 











TABLE 51-3 VERTICAL DRAG-DOWN FOR ARMCO LINER PLATE BIN STRUCTURE 
PER 24 PI INCH SEGMENT OF CIRCUMFERENCE, IN POUNDS 
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TABLE 51-4 HORIZONTAL BURSTING STRESS FOR ARMCO LINER PLATE BIN STRUCTURE—PER 18-INCH LAP JOINT, IN POUNDS 
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TABLE 51-5 PHYSICAL PROPERTIES OF ARMCO LINER PLATES 


Gage 

Allowable End Thrust for 

24 Pi In, Section 
of Armco Liner Plate 
in Pounds 

Allowable Lap- 
Joint* Bolt 
Strength for Armco 

1 Liner Plate in 


Radii less 
than 90"' 

Radii greater 
than 90" 

Pounds 

{18" Plate Width) 

12 

3,520 

3,000 

18,080 

10 

7,040 

3,640 

19,480 

8 

10,550 

7,420 

24,000 

7 

12,300 

9,050 

26,160 

5 

17,750 

12,550 

30,400t 

3 

19,000 

16,100 

35,200t 


♦Greater lap-joint strength than that shown in the above table may 
be obtained by welding. 
tASTM: A 325 heat-treated bolts used. 

Allowal)le load on bolts acting in single shear: 

•>8'' diam. ASTM: A 307 3.07 kips (3,070 lb) 

jlH'' diam. ASTM: A 325 5.00 kips (5,000 lb) 


TABLE 51-6 STANDARD HOT ROLLED STRUCTURAL ANGLES 
FOR VERTICAL STIFFENERS 


Size in Inches 

Weight per 
Foot in Lb 

Crofts-Sec- 
tionnl Area 
in Sq In. 


2.34 

0.69 

1 iH'xM 

2.77 

0,81 

2 xlJixJi 

2.77 

' 

0.81 

2 x2 xH 

3.19 

0.94 

2 x2 x% 

4.70 

1.36 

2 x2 x%i 

5.0 

1.47 

3 x2 x?^ 

5.9 

1.73 

3 x2 xj^ 

7.7 

2.25 

3J^x3ii^xM 

5.8 

1.69 

3^x3}^ x5li 

7.2 

2.09 

WixVAxH 

8.5 

2.48 

3}^x3}^x% 

9.8 

2.87 

3^x3 ^xj^ 

11.1 

3.25 


Size in Inches 

Weight per 
Fool in Lb 

Cross-Sec¬ 
tional Area 
in Sq In, 

4x4 X’Vs 

9.S 

2.8() 

4x4 xlif, 

1 1.3 

3.31 

4x4 xK, 

12.8 

3.75 

4x4 

15.7 

4.61 

4x4 x »4 

18.5 

5.44 

5x3 J^x?^ 

10.4 

3.05 

5x3l^xJ4 

12.0 

3.53 

5x334xH 

13.6 

4.00 

5x334x54 

16.8 

4.92 

5x3^4x?4 

19.8 

5.81 

6x4 x34 

16.2 

4.75 

6x4 x54 

20.0 

5.86 

6x4 X’34 

23.6 

6.94 

6x6 X 14 

19.6 

5.75 

6x6 x54 

24.2 

7.11 

6x6 x54 

28.7 

8.44 






STORAGE BINS 


429 


Explanation and Use of Tables 

The diameters of the circular liner plate storage units shown in Figs. 314, 315 
and Tables 51-1 and 51-2 were so chosen that they can be constructed entirely 
from 16 pi (approximately 50.3) in. net covering length plates. This length plate 
has been determined as the most economical unit. However, bins of intermediate 
sizes may be designed in increments of 2 in. in diameter by utilizing a combination 
of 12, 14 and 16 pi in. length plates. Forces acting on the intermediate sizes may 
be readily interpolated from the data in the Tables 51-3 and 51-4. 

From Table 51-3, vertical drag-down forces acting on a 24 pi (approximately 
75.5) in. segment of circumference of the structure caused by the various fill 
materials listed may be determined directly for the sizes indicated, or interpolated 
for the intermediate sizes. In computing Tables 51-3 and 51-4, grain-on-grain 
coefficient of friction was used because it furnishes conservative design criteria. 
There exists at the present time a great lack of information concerning the problem 
of the pressures exerted by granular materials stored in deep bins.'* 

The bursting stress per 18-iri. width of liner plate occurring at the bottom of 
various size structures, caused by the lateral pressure exerted by the fill material, 
may be found in Table 51-4. These values, too, ma^^ be interpolated for values 
corresponding to any intermediate size structure. 

The use of the tables for designing a bin storage unit can probably best be 
(!orrelated by the following example: 

Prohlem: Determine the gage of liner plate; the cross-sectional area of vertical 
stiffeners (if required) and the height and diameter of a bin to store 38,000 bu 
of shelled corn or wheat. 


Solution: 1. From the curves of Fig. 316, “Volume vs. Depth of Fill Material, 
there are several diameters and heights of bins which will have the required capac¬ 
ity. If the area on which the bin is to be erected is not restricted as to size, the most 
economical bin for a given capacity, exclusive of roof and foundation, is one in which 
the height is equal to the diameter. If the bin is to have a roof structure, the most 
cconomi(!al structure for a given capacity will be one in which the height is approxi¬ 
mately 1times the diameter. A logical choice of dimensions for a bin of the re¬ 
quired capacity would be a structure 36 ft in diameter by 48 ft high. 

2. From the Table 51-3, “Vertical Drag-Down per 24 pi inch Segment of Cir¬ 
cumference,” the force at the bottom of the 48-ft depth of fill in a 36-ft diameter 
bin is 63,700 lb. 

3. Table 51-4, “Bursting Stress per 18-Inch Lap Joint,” gives a bursting stress 
(hoop tension) of 20,790 lb at the base of the bin when filled to struck capacity. 

4. The gage plates required will be governed by (a) the vertical load (transverse 
to the corrugations) or (b) the bursting (hoop) stress. From Table 51-5, 8 gage 
plates will develop the required bursting strength at the base of the bin. Also from 
this table, the 8 gage will carry the 7,420 lb of 63,700 lb vertical load acting on a 
24 pi inch segment of bin wall. 

5. The heaviest gage plates (3 gage) will not carry the vertical drag-down load 
without vertical structural stiffeners. It is more economical to choose plates of a 
lighter gage and use heavier vertical stiffeners. Therefore, assume that 8 gage plates 
will be used for the bin. Using 18,000 psi stress for the vertical structurals acting 
in compression, the required cross-sectional area of the stiffeners will be 


63,700--7420 
18,000 


56,280 

18,000 


3.12 sq. in. 
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6. The vertical structural stiffeners should extend from the foundation to such a 
height that the drag-down of the fill material no longer acts on the walls of the bin. 
The theoretically required heights may be found in Table 51-3. However, because 
of possible non-center loading or unloading, and the addition of a roof or loading 
equipment, it is recommended that all stiffeners be extended to the top of the bin. 
See Fig. 315 page 421. The upper portion of the stiffeners may be reduced in 
cross section if desired. 

7. The strength in single shear for a 5^-in. diameter steel bolt is 3070 lb as listed 
in Table 51-3. Three of the five l)olts in the lap-joint may be extended through the 
vertical structural in alternate 18-in. wide rings or an average of one bolt per 
foot of the structural length. See detail in Table 51-5. A total of 24 bolts extend 
through the 24-ft mininuim length stiffener. The total load these l)olts will (;arry 
is 24 X 3070 lb = 73,0^0 11) which is adequate. 

A careful check must l)e made regarding the development of suiricicnt shear 
strength of the stiffener bolts. It may be necessary in cases of the larger, higher 
l)ins to increase the bolt size, use heat-treated bolts, or weld the structural stiffener 
to the liner plate to develop the required strength. Values for 5^ and diame¬ 

ter bolts acting in single shear are jiresented in Table 51-5. The shear strength of 
the liner plate and the stiffener sections also is an important consideration and 
should bo investigated along with that of the bolts. 

Table 510 gives structural angle sizes, weights |)er foot, cross-sectional area and 
allowable load in (iompression. Base plates should be used to distribute tlie stiffener 
load over a sufficient area, of the footing. 

Above the minimum level of the top of the stiffeners, where theoreticall\' the 
action of the drag-down forces on the A’alls of the bin are negligible, it is ])ossible 
to I’educe the gage for the j)lates in this section. This is desirable when the heavier 
gage plates are used for the lower section of the bin. 

It is necessary to maintain sufficient bursting (hoop) strength in tlic lighter gages, 
if used for the upper section of the bin, as determined from Table 51-4. Another 
requirement is maintaining sufficient stiffness at tlie top of the structure to pre¬ 
vent it from departing from its intended cylindrical shape if subjected to ecu^entric 
or off-(^enter loading. One suggested method of accoinj)lislung the desired stiffness 
is by the addition of a curved angle or channel section to the top ring of j)lates, if 
no roof striK^ture is used. 

No information has been included regarding the design of bin roof structures, 
conveyors, elevating equipnicnt, head houses, bottom or side openings or founda¬ 
tions because of their s|)e(!ialized nature. Any vertical load on the bin structure re¬ 
sulting from conveyor eciuipment, roof structure, etc^., must be considered in addi¬ 
tion to the computed loads in the tables. 

It is necessary to adeciuately anchor the bin structure to the foundation to pre¬ 
vent its overturn by wind loads while standing empty. 

Multi-Plate Bins 

Multi-Plate is also being used successfully for storage bin uses. The strength 
of the 2-in. deep Multi-Plate corrugation, acting under loads transverse to the 
corrugations, will be approximately 15 per cent less than the values for comparable 
gages of liner plate as given in Table 51-5. The bolted joint strengths for Multi- 
Plate may be found in the section on Design for that product. 

A large percentage of the existing bin structui-es constructed of Multi-Plate have 
been of sucli height-to-diameter ratios that vertical stiffeners were not required. 
On those which have required stiffening, fastening the stiffeners to tlie structure 
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has been accomplished either by field drilling and bolting or by welding the stif¬ 
feners to the bin in an amount sufficient to furnish adequate strength. 

Prefabricated Grain Storage Bins 

Prefabricated corrugated steel bins arc being used extensively for small unit 
storage of grains both for private use and for the Commodity Credit Corporation 
of the U. S. Government. These are carefully designed units complete with steel 
roof and floor and may, through minor adaptation, be used for drying as well as 
storing grains. 

Trickling Filters 

Another use for Multi-Plate storage units is for the side walls of trickling filter 
l)eds for sewage treatment plants instead of the massive monolithic; construction 
normally employed. Multi-Plate provides an easily erected, economical and entirely 
satisfactory structure for this ai)plication. Standard corrugated metal (galvanized 
or Asbestos-Bonded) is likewise used for such filter tanks. See Fig. 197, page 2S9. 

Bottomless Water Tank 

Large, bottomless steel tanks are used in the West h)r the storage of stock water. 
It is of course ne(;essary that the bottom be in an impervious soil or be treated 
to make it rcas(>nal)ly so. 

Such tanks ai’e imide of standard corrugated metal sheets in diameters from 20 
to 00 ft and up to 0 ft higli. The vertical joints in the sheets should be staggered. 
StifTeners are desiralde to prevent vibration and leakage during high winds. 

Watertightness 

Liner Plate and Multi-Plate bin structures which are erected at a permanent loca¬ 
tion and must be watertight to seal against the entrance of outside moisture, all 
vertical and circumferential seams may be welded after erection of the bin. If 
this metliod of constru(;tion is used, it is possible to eliminate a substantial portion 
of the l)olts, using only enough to accomplish the erection and utilizing the weld 
to devclo}) tlie strength of the plates. Another suggested method of attaining 
practical watertight construction is to “butter” all matching surfaces of the plates 
wdth an asj)halt mastic of knifing consistency before assembly. 
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Fig. 317. Proper installation plays an important role in the life of any drainage structure* 





SECTION TEN 


INSTALLATION INSTRUCTIONS 


CHAPTER FIFTY-TWO 

Corrugated Metai Drainage 
Structures 


Importance of Good Installation 

A well located, properly bedded, accurately assembled and carefully backfilled 
drainage structure will function properly and elficiently for a long period of time. 
Small size structures require less care in the details of proper installation than the 
larger ones but care in handling, base preparation, assembling and backfill will 
always pay dividends in satisfactory service. Fig. 317. 

Corrugated metal structures because of their light weight and resistance to 
fracture can be installed quickly, easily and without expensive equipment. They 
are designed to distribute the external loads around the structure and into the back¬ 
fill. While they can withstand unequal settlement and dimension changes that would 
cause failure in rigid structures, a well prepared foundation and a well tamped 
l)a(^kfill of stable material will satisfy the design assumptions and insure the most 
satisfactory installation.* 

Selection of gages and other design ci'iteria for corrugated metal dminage struc¬ 
tures are based on reasonable care being used in installation. Careless installation 
can quickly undo the work of the designer. 

Good installation requires: 

Lo(!ating structure to fit stream alignment and grade 
Installing adequate length for conditions 
Excavating accurately to line and grade 
Providing a uniform and stable foundation 
Handling the material carefully 
Asseml)ling the structure pr()|)erly 
Using suitable backfill materials 
Placing backfill carefully 
Tamping backfill thoroughly 

Protecting the structure against heavy concentrated construction loads. 

Location and Length 

See Chapter 27, page 241. 

*For effect of installation conditions on loads reaching a conduit, see Sec. I Cliapt. 1 on 
External Loads and Earth Pressure on Underground Conduits, pages 8, 23, 82. 
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INSTALLATION INSTRUCTIONS 


PART ONE 

PREPARATION OF BASE 


Excavation to Line and Grade 

The trench or streambed must be shaped to fit the bottom of the conduit to line 
and grade. When a bulldozer or heavy earth-moving equipment is used to excavate 
for a corrugated metal structure, it is often economical to dig a wide flat base. 
This is satisfactory if the backfill is carefully tamped under the lower portions of the 
structure. When excavating is done by hand methods, lines should be strung to limit 
the boundaries of the excavation and at least one string set parallel to the grade 
line will assist in maintaining line and grade. 



Fig. 318. Methods of bedding corrugated metal structures on wide flat base. 


If the structure is to be installed in a trench, the trench should be kei)t as narrow 
as possible but sufficiently wide to permit tamping under the haunches. Generally 
the trench width will not be less than 12 nor more than 24 in. greater than the out¬ 
side diameter of the pipe structure. A wide trench requires more excavation and 
backfill and also tends to increase the load on the structure. Make the side walls 
as vertical as practical, at least to an elevation above the top of the pipe. 

When installing] the structure in a natural streambed, make sure the base is as 
uniform and stable as possible for the entire length of the structure. Often a small 
change in location can improve foundation conditions without affecting the flow. 
Frequently it will be necessary to stabilize the foundation as described in the sec¬ 
ond following section. 

Uniform Foundatcon 

Corrugated metal drainage structures can settle unevenly without disjointing 
or breaking. However, for best performance and appearance it is desirable to 
place them on a firm, uniform foundation that will distribute the load evenly. 

All pipe culverts or sewers should be installed with the lower quarter of the cir¬ 
cumference firmly supported. Bedding either flexible or rigid pipe by shaping the 
natural foundation requires careful workmanship to accurately fit the entire length 
of the structure. Corrugated metal structures can be bedded satisfactorily by ex¬ 
cavating to a flat surface and carefully tamping the fill under the haunches. See 
Figs. 318 and 319. 



CORRUGATED METAL DRAINAGE STRUCTURES 



Fig. 319. Adequate tamping under the haunches is important to good installation. 


All pi|)e and pipe-arch structures should be placed on a stable earth or fine granu¬ 
lar foundation. Never install them on sod, frozen earth or on a bed which contains 
boulders or rock. When granular materials are used for bedding, the fill at the ends 
of the striKiture should be sealed against the infiltration of water. This often can be 
done by bedding the ends in well tamped clay or by using some type of headwall or 
end section. 

Unstable Foundation Soils 

When the excavated grade line for the structure crosses both soft and hard spots, 
the foundation should be made as uniform as practical. Sometimes, the hard spots 
can be excavated below grade and replaced with softer material. But more often, 
the soft spots need stabilizing with granular material. Excavating the foundation 
slightly below the grade line and backfilling with earth shaped to camber the flow 
line will often cure uneven conditions. See Fig. 321. In any event, abrupt changes 
from hard to soft foundation should be avoided. 

When soft, unstable material occurs at the foundation level, it should be ex¬ 
cavated below the flow line grade and backfilled with sand, gravel, crushed stone or 
other suitable material. Make the width of the base at least twice the diameter of 
the pipe and as deep as the foundation conditions require. See Fig. 320(a). 
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(b) ROCK 


Fig. 320(a). Soft, unstable foundation material 
should be excavated below the flow grade line 
and backfilled with sand, gravel, crushed stone, 
or other suitable material. 


Fig. 320(b). When rock is encountered in the 
foundation, it should be excavated to at least 8 
inches below the bottom of the structure. 


If the unstable material is in small pockets, it is best to excavate all of the bad 
foundation and replace it with suitable backfill. Fretpiently a relatively thin mat 
(6 to 12 in.) of granular material, well graded, will provide a satisfactory support, 
but it may be necessary to repla(;e the foundation to a depth of 3 ft if it is very 
soft, l^iameter of pipe and height of fill are controlling factors. 

In swampy locations, es|)ecially along shore lines or adjacent to large rivers, deep 
unstable foundations are frequently encountered. If they cannot be readily 
stabilized with granular material, brush or timber mats may be used to spread the 
load. Never place a pile bent or a concrete cradle in direct contact with a corru¬ 
gated metal structure if the structure is to support a fill. The cradle or pipe support 
should l)e built with a flat tof) and covered witli an earth cushion. (See Rock 
Foundations.) This j^erniits the flexible structure to dev’elop side support without 
concentrating the load at any point on the circumference of the i)ipe. 

When placing large diameter culverts, particulaily under high fills, it is often 
good j)ractice to install ])erforated pipe subdrainage to prevent subseciuent satura¬ 
tion of the foundation and the fill around the ])if)e. In hilly country, foundation 
damage from seepage zones in the slo[)es adjacent to the fill can also be controlled. 

Cambered Grade Line 

When a culvert is installed under a high fill on a uniformly unstable foundation, 
raise the elevation of the flow line through the center ])()rtion of the stnurture above 
its normal position to allow for subsidence when the fill is placed. This is called 
cambering. Generally enough camber (;an be obtained l)y using a flatter grade for 
the upstream half of the culvert than for the downstream half. Tlie matter of 
camber must be one of judgment, but do not raise the center so high that water 
will be pocketed in the pipe. Under high fills the camber should be substantial, 
especially where foundation conditions are not of the best. Fig. 321. 

Rock Foundations 

When rock is encountered in the foundation, it should be removed to at least 8 
in. below the bottom of the structure and wide enough to avoid any possibility of 
the pipe resting on the rock. The excavated area is then backfilled with compacted 
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t. 



Fig. 321. Under high fills or where foundation conditions are not of the 
IS helpful. This is on a railroad relocation in Iowa. 





best, cambering the pipe 


earth to provide a cushion for the pipe. See Fig. 320fb). 

The depth of cushion placed under the pipe varies with the size of the structure 
and the height of fill. An 8 to 12-in. thickness is usually sufficient. 

Cradling Is Unnecessary 

Under no circumstances should a corrugated metal pipe he cradled on or encased 
in conci'ete. It is a needless expense which defeats its own purpose by joining two 
materials of distinctl^y opposite characteristics—flexibility and rigidity. 



Fig. 322. Even where rubber boots are worn, the use of a concrete cradle for corrugated metal pipe 
is not necessary. An airbase in New Jersey. 
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INSTALLATION INSTRUCTIONS 


PART TWO 

ASSEMBLY OF STRUCTURES 


Unloading and Handling 

Even though corrugated metal drainage products will withstand rough handling 
without cracking or breaking, they should be unloaded and handled with reason¬ 
able care. Lifting or rolling will protect the galvanized or bituminous coating. 
Dragging the structure.over gravel or a rocky surface will injure these coatings 
and as a result it may adversely affect the durability of the structure. When Paved- 
Invert pipe is stockpiled in hot climates, the sections should be placed to prevent 
flow of the asphaltic pavements. 

Corrugated metal structures can be lowered down embankments or into deep 
trendies with the aid of rojies. 

Corrugated Metal Pipe 

Riveted corrugated metal pipe should be placed with the inside circumferential 
laps pointing downstream. The longitudinal laps should lie at the sides or (piarter 
points, but not in tlie liottom. 

Riveted jiipe is supplied in multiples of 2 ft, with maximum individual lengths 
being governed by shop, transportation or field handling facilities. Culverts of 
20 to 30-ft lengths arc generally supplied in a single section. 

Connecting Bands 

The usual method of joining se(;tions of pifie is by means of corrugated connecting 
bands. ‘‘Standard” bands are used for most installations on all sizes of pipe. “Two- 
piece” bands are used on the larger sizes when the installatiorr conditions are dif¬ 
ficult. “Watertight” bands are used on special work where inaximuin watertight- 
riess is essential as in levees, aerial sewers and similar installations. Specially 
fabricated, bolted or field riveted connections can be provided for jacking, boring, 
threading and other special installations. See Fig. 323. 

The band is first slipped into position over the end of one section of pipe with 
the band open to receive the next section. The adjoining length is brought to within 
approximately 1 in. of the first section and the band tightened with the corru¬ 
gations of the band matching the corrugations of the pipe sections. Care should be 
taken to keep dirt or gravel out between tire pipe and the band so that the corruga¬ 
tions fit snugly. As the plain galvanized band is tightened, it should be tapped with 
a mallet or hammer to take up slack and insure a tight joint. Merely tightening 
the bolts will not produce a tight joint on large diameter culverts. Chain hoists, 
chain or cable cinching devices or C clamps placed around the band to draw it 
into place, may help to speed up the tightening process. 

There is no overlapping of the end corrugations of the pipe sections when band 
couplers are used. Therefore, for every band used, there is an increase over the 
rated length of pipe equal to the distance of one corrugation (2% in.). In addi¬ 
tion, corrugated metal pipe with plain (not rolled) ends has an over-all length 
in. greater than the nominal dimension because of the ^-in. lip on each end. 

Although the width of the connecting band varies with the diameter of the pipe. 
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1 

II 

1 


Approx. 

(a) STANDARD 

Single piece band with riveted 
angles thru which bolting is 
done. 

Band width— 

7" for 8"—30'^ dia. incl. 

1 2 " for 36"—60" dia. incl, 
24" for pipe over 60" dia. 



Approx. 1 * •*IK 

(b) TWO-PIECE 

Lower half of band riveted to 
one end of each pipe section. 
Upper half may be riveted to 
the adjoining section or left 
separate as desired. 

Band Width—12" or 24" 



(c) WATERTIGHT 

Made of single precurved cor¬ 
rugated sheet which laps It¬ 
self. Around this is passed 
Vi" diam. galvanized rods 
secured by a specially de¬ 
signed silo-type lug. Number 
of rods as specified. 

Band Width—12" or 24" 


NOTES—Bands are usually ordered one gage lighter than the pipe to which they are attached. 

When pipe corrugations register properly in the bond, the pipe ends will be approxi¬ 
mately 1" apart. 

There will be a gain in laying length of the pipe of 2%" for each band. 


Fig. 323. Types of connecting bands for corrugated metal pipe. 

ranging from 7 in. to 24 in. as shown in Fig. 323, this is of less importance than 
carefully tightening the band as described above. 

Bituminous Coated and Paved Pipe 

Paved i)ipc must be installed with the smooth, thick pavement in the flow line. 
Otherwise, asseml)l,y is the same as for galvanized pipe. 

The asf)halt that covers approximately 25 per cent of the interior circumference 
of Paved-Invert j)ipe fills the corrugations and protects against erosion from 
abrasive materials. To be effective, it is extremely important that this pavement be 
placed and centered on the bottom. 

Band couplers on coated pipe as well as the surface of the pipe under the band 
often need to be lul)ricated with fuel oil or other similar solvent. This allows the 
band to slip around the pij)e and to draw firmly into place. Lubrication is especially 
needed when the bituminous surfaces are cold. Lubricating and tapping the bands 
so they can be drawn to proper position will assure a strong joint and maximum 
watertightness. 

Any (lamaged spots in the bituminous coating where the metal is cxpo.sed should 
be repaired by api)lying a patch before the structure is backfilled. Use a coating 
similar to that covering tne pipe. 

Pipe-Arches 

Riveted corrugated metal pipe-arch structures are installed in much the same 
way as round pipe structures. However, the width of excavation and bedding 
for a pipe-arch structure is generally not less than 12 nor more than 24 in. wider 
than its span. Care should be taken either to shape the excavation to the shape 
of the pipe-arch or to tamp well under the haunches. 
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INSTALLATION INSTRUCTIONS 


Helically Corrugated Pipe 

Hel-Cor pipe (helically corrugated) is installed in the same manner as riveted 
corrugated metal pipe. The connecting bands are made in two pieces and are 
corrugated to fit the pipe. To assemble, place one half of the band under the first 
section of pipe. Then lay the second section with the corrugations matching; install 
the top half of the band on the joint and tighten the bolts. 

When using perforated Hel-Cor pipe be sure to rotate each section so that the 
perforations are in proper position at the bottom. Placing the perforations in posi¬ 
tion may leave a short distance between the ends of the two lengths of pipe but 
the opening will be covered by the coupling band. 



Fig. 324. Final tightening of bolts on structural plate pipe is left until all sections are in place. 


Multi-Plate Pipe and Pipe-Arches 

Preparation of the base and the backfill for structural plate pipe and pipe-arches 
are handled in the same way as described for riveted corrugated metal structures. 

Detailed erection instructions for each size and type are shipped along with each 
structure. These instructions show the position of each plate and the order of 
assembly for easy erection. 

It is important that the bolts be well tightened. This can be done progressively 
and uniformly, starting at one end of the structure after all plates are in place. Fig. 
324. The operation should be repeated to be sure the bolts are tight. 
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The erection of structural plate structures can be speeded by using the proper size 
etractural wrenches, socket wrenches, lining bars, drift pins and handling hooks. 
When a power wrench is u^d to tighten the bolte, it is necessary to carefully check 
the tightening of the nuts because it is very easy for a power wrench to get out of 
adjustment. Checking can be done with a long-handled structural or socket wrench 
or with a torque wrench (50 to 250 ft lb of torque). 

Structural Plate Arches 

Structural plate arches are generally erected on a masonry foundation. The 
groove or the unbalanced channel in which the arch rests must be accurately built 
to line and grade for easy assembly of the plates. When the arch is set on a skew, 
the holes in the unbalanced channels must line up with those in the plates. The lay¬ 
out for the installation of the channels is shown on the special plate assembly draw¬ 
ings that are furnished with each skewed structural plate arch. 

For straight-end arches on which headw’^alls are to be built, allowance should be 
made in the design for the lip (approx. 2 in.) at each end. 

Diaphragms 

Diaphragms or metal cut-off walls are used on special installations where there 
is danger of seepage of water that might cause a washout along the outside of the 
structure. Typical of such installations are pipes through levees or dams where 
the pipe may be subjected to a hydraulic head. 



Fig. 324a. Three lines of 
60-in. Paved-lnvert pipe 
being installed under a 
levee in Louisiana. Note 
the square metal dia¬ 
phragms. Height of cover 
is to be 50 ft. 
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INSTALLATION INSTRUCTIONS 


The diaphragms should be located midway between two adjacent riveted circum¬ 
ferential seams, as near the center of a pipe length as possil)le, and at least 4 ft from 
a field joint. In multiple line installations, diaphragms should be spaced to provide 
a minimum of 12 in. clearance between the faces of the diaphragms on, adjacent 
pipes to provide space for proper backfilling. 

The bottom half of the diaphragm is placed after the excavation for the pipe and 
before lining and joining the pipe. Generally a narrow trench is excavated for the 
diaphragm, although it may be driven or jetted into place under some soil condi¬ 
tions. The diaphragm must be lined up to mesh with the corrugations of the pipe. 
The top half of the diaphragm is placed as soon as the pipe has l)een placed. The 
cross trench for the lower half should be backfilled with good fill material and 
tamped to give maximum compaction. 

Multiple Installations 

When two or more structures are laid parallel in the same trench or streambed, 
they should be separated as indicated in Fig. 325. Proper spacing of the pipe in 
multiple installations allows room to tamp the backfill under and between the pipe, 
assures adequate side support and allows the fill over the pipe to help compact the 
backfill between the structures. This tamping and compaction heli)s prevent wash¬ 
outs during high water or flood stage. 

When strutted pipe is used, the diaphragms must be shop fabricated to fit the 
strutted shape. 



_ ~~H {K— ' _ 

I Minimum Space Between Arches=^2n 


Fig. 325. Minimum permissible spacing for multiple installations. 
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PART THREE 

STRUTTING 


Large diameter (54 in. diameter and larger) corrugated metal or structural plate 
pipe tend to deflect as the backfill is placed over them. This deflection is not harm¬ 
ful but may be objectionable from an appearance standpoint. 

Deflection and the final shape of the pipe is controlled by (1) selecting the proper 
gage of pipe or (2) elongating the vertical diameter of the pipe before backfilling by 
the process known as ‘‘strutting” and (3) carefully tamping the backfill. The selec¬ 
tion of a heavier gage may eliminate the necessity of strutting. The more carefully 
the backfill is placed and tamped, the less is the deflection. 

Strutting or elongating the vertical diameter of a pipe before backfilling, lets the 
pipe build up side support as it settles back towards a full round shape under the 
fill load. It thereby increases the pipe’s load-carrying capacity above that allow¬ 
able for a pipe that has been installed with a round shaj)e. If a method of restraint 
is built into the elliptical pipe structure to slow down the change in shape while 
the fill is being i)biced, the backfill around the pipe will be partly consolidated by 
the weight of the fill l)efore the pipe starts to deflect. This will also add to the load¬ 
carrying capacity of the pipe. 


Example based on 60 " dia. — 8 gage pipe _ 

Elongation — 5 % poBOKOTWOWt 





* COVER HT. ' 

I 70 ' ' 



COVER HT., 
100 ' 



ROUND 


ELLIPTICAL 


WIRE STRUTTED 


ROD & 
TURNBUCKLE 


TIMBER 


Fig 326. Effects of shape and strutting. 


Methods of Strutting 

There are several methods of holding the elliptical shape of a pipe during installa¬ 
tion. These are shown in Fig. 326. Also shown are the comparative permissible 
heights of fill for each type of strutting as well as for elliptical shaped and round pipe. 

Elliptical shaping, wire strutting or rod strutting of riveted corrugated pipe is 
done in the fabricating shop on special order and the pipe is delivered to the job 
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LOWER' SILL" 


LONGITUDINAL SECTION 


Fig. 327. Details of strutting me^ods for corrugated metal pipe. 


site re«ady for installation. The wire or rod struts should be horizontal when the 
pipe is properly placed. Tiinl)er strutting is done in the field after the pipe has 
been laid in place, l)ut before any backfill is started. Wire or rod strutting is best 
for paved or coated {)ipe because the strutting is done before the bituminous mate¬ 
rial is applied and there is no injury to the pavement. 

When strutting a Pavcd-Invert pipe with timber, the pavement can be protected 
by means of a wide bottom sill shaped to fit the pavement. This method was first 
used l)y the U. S. Bureau of Ileclamation with excellent results and has also been 
adopted by others. The shaping of the bottom sill is the only item requiring prep¬ 
aration in addition to that for strutting non-paved pipe. 

It is important in all strutted pipe that the struts permit the pipe to deflect 
slowly as the load is applied. Otherwise there is danger of the pipe bending sliarply 
at the struts. With tinil)er strutting, a soft wood compression cap must be placed 
between the vertical posts and the top sills. See Fig. 328. With rod and turnbuckle 
strutting, a schedule should be set up to ba(;k off the turnbucklcs as the fill is placed. 
All turnbuckles in each line of pipe should be released uniformly throughout the 
pipe, a turn or two at a time. But some tension should remain in the rods until the 
fill is completed. Wire struts will generally yield with the load by untwisting or 
stretching. 

After the fill has consolidated, all struts must be removed from the pipe. How¬ 
ever, when there is danger of flood water, the struts may have to be removed before 
the fill has settled completely. 

Installing Timber Struts 

Timber strutting is done by elongating the vertical diameter, then maintaining 
the elongation with vertical struts, compression caps and horizontal sills. The 
amount of elongation, usually 5 per cent for riveted pipe and 3 per cent for struc¬ 
tural plate pipe, as well as strut size and spacing are normally given in the plans. 

Strutting is done progressively from one end of the structure to the other. Start 
at one end by placing timber sills in the top and bottom of the pipe and jacking 
to the required elongation. Then set a vertical strut and soft compression cap in 
position near the end of the pipe. Remove the first jack and place it further in the 
pipe. Repeat the process until the pipe is completely strutted. 
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Two 50-ton jacks are required for heavy gage structural plate pipe and two 25-ton 
jacks for riveted pipe and light gage structural plate pipe. 

Two lines of sills with staggered joints are generally used in the top of the pipe. 
Compression caps to permit the required deflection are placed with their grain 
crosswise to the axis of the struts. 

The shape of elliptically fabricated pipe may be retained during backfilling by 
the use of struts or props without the need of jacks. 

Do Not Strut Arches or Pipe-Arches 

Unlike round corrugated metal structures, arches and pipe-arch structures do 
not appreciably change their horizontal dimension under load. Additional side sup¬ 
port is not created and nothing is gained by strutting. 

However, when a pipe-arch is installed on a soft foundation that cannot be stabil¬ 
ized, struts are sometimes used to maintain the vertical dimension while the fill is 
being placed. The struts should be located on the longitudinal center line of the 
structure and kept in place until the base has stabilized. 
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PART POUR 

BACKFILLING 


Importance of Backfilling 

The strength of any type drainage structure is to a large extent dependent upon 
proper backfilling. 

Corrugated metal structures, as discussed previously, build up side support as 
they deflect under load. Therefore, to ol)tain maximum load-bearing capacities 
and to prevent washing out and settlement, it is necessary that the backfill be 
made of good material, properly placed and carefully compacted. 

Backfill Material 

Selected, drainable backfill material is ])referrcd but most local fill material can 
be used provided it is carefully |)laccd and comj)acted. It should be free from large 
rocks and hard lumps or clods larger than 3 in. in diameter. Do not use frozen fill, 
sod, cinders or earth containing a high percentage of organic material. Granular 
material containing a small amount of silt or clay is ideal since it makes a dense, 
stable fill. ' 

Backfill Around Structure 

Fill material under haunches and around the structure should be placed alter¬ 
nately in 6-in. layers on both sides of the pipe to permit thorough tamping. The 
fill is placed alternately to keep it at the same elevation on both sides of the struc¬ 
ture at all times. Figures 329 and 331 show how pipe and pipe-arch structures 
should be backfilled. 

Tamping can be done with hand or mechanical equipment, tamping rollers or 


TRENCH 


PROJECTION 
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/iimiMimms 
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///y/ /////////// i. 
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Notes: Place fill' in uniform well tamped 6" layers. 

Keep fill at same elevation on both sides of pipe. 


Fig. 329. Backfill should be placed in uniform well-tamped layers. 
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Fig. 330. Either hand or mechanical equipment can be used for tamping. 


vil)ratin{’ compactors, (lej)on(linf>, upon field conditions. Of more importance is that 
it })e (lone carefully to inline a thorouj;hly tamped backfill. 

Oomjiaction of fills by iiuddlinj; oi jetting is not recommended except for cohe- 
sionless, sandy or sandy-jj;?’avel material. The reason is that puddling will not work 
satisfactorily in clayey soils but tends to produce a permanently unstable condition. 

In backfilling around and o\er a structure, the loads of heavy earth-moving or 
com])acting eiiuipment may exceed those for which the structure was designed. 
Therefore, it is always advisable that the structure be covered adeijuately before 
direct loads are applied. 

Tamping Equipment 

Hand Equipment. For tamping under the haunches of a structure, a pole or 2 x 4 
is generally needed to work in the small areas. Hand tami)ers for compacting hori¬ 
zontal layers should w^eigh not less than 20 lb and have a tamping face not larger 
than 6 X 6 in. Ordinary ‘‘sidewalk” tampers are generally too light. 

Mechanical Tampers. Most types of power tampers are satisfactory and can he 
used in all except the most confined areas. How'cver, they must be used carefully 
and completely over the entire area of each layer to obtain the desired compaction. 
Avoid striking the structure wdth pow’^er tamping tools. 

Tamping Rollers. Where space permits, sheepsfoot, rubber-tired and other types 
of tamping rollers can be used to compact the backfill around the structure. If 
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rollers are used, the fill adjacent to the stmcture should be tamped with hand or 
power equipment. Be sure to keep the rollers from hitting the structure. Smooth 
rollers are generally not satisfactory for compacting fills. 

Vibrating Compactors, Vibrating equipment can be used to compact granular 
backfills but generally is unsatisfactory for clay or other plastic soils. 



Tamp fill carefully under bottom of pipe-arches. 

Place fill in uniform well tamped 6" layers. 

Keep fill at same elev^ation on both sides. 

Fig. 331. Care must be taken in backfilling pipe-arches to insure compaction underneath the haunches. 


Backfill on Arches 

Care must be taken in backfilling arches, especially half-circle arches, because 
they have a tendency to shift sideways or to *‘peak up’’ under the backfilling loads. 
The ideal way is to cover an arch in layers—each layer conforming to the shape of 
the arch. If one side is backfilled more than the other, the arch will move away 
from the larger load. If both sides are backfilled equally and tanii>ed thoroughly, 
the top of the arch may peak up unless enough fill has been placed over it to resist 
the upward thrust. See Fig. 332. 

Arches Without Heodwolls 

When backfilling arches without headwalls or with headwalls that are not sufii- 
ciently strong to maintain the shape of the arch, the first fill should be i)laced mid¬ 
way between the ends of the arch. This fill should be kept in as narrow a strip as 
possible until the top of the arch is reached. The remainder of the backfill should 
be placed from the top of the arch, starting at the center and working both ways 
to the ends. By this means, illustrated in Fig. 332, only a minimum of side pres¬ 
sure is developed until the top is loaded. 

Arches With Headwalls 

In backfilling arches with headwalls heavy enough to maintain the shape of the 
arch, it is advisable to place the fill against one head wall until the top of the arch 
is reached. Then proceed by dumping off the top in layers toward the opposite 
headwall. 
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IDEAL METHOD 



Build fill over arch in layers confornting to the arch shape. 


PRACTICAL METHOD 

RIGID HEADWALL NO HEADWALL 



Start filling of headwalls Start filling midway between 

and work towards center. the ends and work both ways. 


Fill as narrow a strip as possible by the fill from the top of the arch. The 

distributing the fill material around and fill material adjacent to the arch should 

over the arch in uniform layers. Then be thoroughly tamped and deposited 

proceed by placing the remainder of evenly on both sides. 


EFFECTS OF BAD BACKFILLING 



Filling on one side only may cause the Filling too much along both sides before 
arch to shift sidewise. fill is placed over top may cause the 

crown to rise. 

Fig. 332. Methods of backfilling arches. 
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Completing the Fill Over Structure 

Material used to complete the fill over a corrugated metal structure should be 
essentially the same as that used for the backfill and placed and compacted in the 
same manner. Distribute and compact the fill evenly to a depth equal to the height 
of the structure or the entire fill if it is shallow. 

In trenches, fill material should be tamped in layers from the top of the structure 
to the original ground level. This assures thorough (compaction and eliminates 
settlement. Do not compact fill in trenches by puddling or jetting with water. 

Protection of Structure from Equipment 

It is imix)rtant to protect drainage structures during construction for several 
reasons. The fill has not consolidated to develop maximum strength in the struc¬ 
ture and heavy constriKction equipment can impose concentrated loads far in excess 
of tliose the striucture woidd normally carry. 

Freciuently, more than normal fill is needed to protect the structure during con¬ 
struction, especially if heavy equipment is used. The minimum cover reciuired for 
highway loading of (‘orrugated metal pipe, pipe-arch and arch installations is shown 
on page 106. How mucli additional i)r()tective fill is needed depends upon the wheel 
loads of equipment used as well as their frequency. 

Providing extra fill is a simple way to protect the job from possible damage by 
excessive loads. 

Trestle Replacements 

Trestle replacements with culvert str\ictui’es should be given cai’eful inspection. 
They generally involve fairly high fills and large diameter pi[)e. Obtaining a good 
foundation and a well compacted backfill is often difiicult when working around 
the old trestle timbers and a better fill can be made if the timbers (‘.an be removed 
before the fill is placed. 

Dumping from tlie top of the trestle should be avoided if possible and tlie dirt 
must be j)laccd in thin horizontal layers and well (K)mpacted to an elevation well 
above tlie toj) of the jiipe. Vegetation and other objectionjible materials should be 
remov'ed from the surface before the fill is started and where slopes exist that will 
cause wedge action to increase fill pressures, the slopes should be benclied or stcj) 
cut before filling. Experience has shown that water pockets fre(iuently oc(air in 
trestle fills and particular care should be exercised to provide subdrains for all seeps 
and pockets sliowing in the base of the fill. Beeps have a tendency to drain toward 
the culvert structures, soften the backfills and cause structural difficulties. 

End Finish 

Metal end sections can be attached to the pipe as it is being laid or they can be 
I)laced after the cul vert barrel has l)een backfilled. The end section must be ac(ai- 
rately lined with tlie culvert in order tliat the connection will fit the end corruga¬ 
tion f)roperly. Before the end section is placed, a trench of jiroper size is excavated 
for the toe plate. Tlie backfill in the trench should be well tamped and backfill care¬ 
fully placed around the end section. Fig. 333. 

If rigid, reinforced concrete lieadwalls are to be used, it is preferable that the 
culvert be backfilled before the head wall is built. There is some possibility that 
the deflection of the pipe may crack the headwall. This is most likely to occur on 
strutted pipe culverts, hence the struts should be removed before rigid headwalls 
are placed. Headwalls should be placed on solid foundations because settlement of 
the heavy headwall may drag the pipe out of place. 
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Fig 333 Metal end sections provide eflPicient finish on this culvert on the road to the Grand Canyon, 
Arizona 


Dn 01 ((iiiented iu])bl( in isonn oi cement big hend\^ ills tie frequenth used 
on lu,;e stun tines foi erosion piotcc turn Tlie\ ire Koneialh plaeed on n piepired 
slope iftci the stiiutuie Ins Ikcii instilled ind the gi ide completed 

Large Diameters or High Fills 

Tlic Hist dhtion of lust size stiuctines oi striie tines under\eiy lush fills leqiiiies 
ni in\e sti^ ition of the site to be (eitiin tbit the found ition undei both the fetrue- 
tine iiid the fill ‘idjicent to the structure is ideipiite and will lemain stable 
C neliil issernbh of the structine is mii)oitint ind i well completed biekhll ol 
se 1( (ted mite nil is n((essn^ To be sine these conditions die met the foiemin 
ind superiiitendelit should inideistind the pimeiples of j^ood construetion which 
li i\e been outlined in tins eh qitei The\ should leilize the im])oitinee ol follow¬ 
ing the specihed methods 1 \peiienee his shown tint dose authoiititive inspec¬ 
tion IS the eeoiiomie d w i> of obtiining good installations 


Fig. 334, Left: Two men handle 20 ft length of perforated pipe. Right: A simple bolted coupling 
is used. 


CHAPTER FIFTY-THREE 

$ 

Perforated Pipe Subdrains 


Ground water may be from several sources—iin{ierj»:roun(l flow in thin or thick 
j)ervioLis strata, sprinj;s or otlier concentrated flows, percolation from rainfall or 
standing surface water, percolation through cracks and fissures. Control of such 
surfac^e water is accomi)lished l)y means of an underdrain or subdrain. 

A pipe subdi’ain is made uj) of four parts: a perforated i)ipe in a trem^h with a 
pervious backfill or filter, and i)rovided with an outlet. These must l)e properly 
done if the subdrain is to function satisfactorily over a long period of time. 

The Outlet 

An underdrain system requires a suitable stream or sewer into which the water 
may be discharged. 

The outlet end of the pipe should be kept high enough so that it cannot become 
clogged by debris, sediment or ice. A coarse wire screen over the end or a flap gate 
will prevent rodents from entering the pipe and building nests. Cantilevering the 
end of the pipe and deflecting it to enter the outlet stream at an angle will generally 
protect against undermining. 

The Trench 

Construction of an imdejdrain system is generally started at the downstream or 
outlet end. This allows the ground water to drain out of the ti*ench and keeps the 
bottom as dry as possible during construction. 

When the water-bearing strata extend to depths that cannot be drained to 
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natural outlets, the subdrain may have to be placed in the water-bearing strata to 
lower the natural vrater table. Usually, however, it is better for the subdrain to be 
deep enough so that the flow line of the pipe is below the water-bearing stratum. 

Depth of the trench will also be governed by the slope of the pipe, the trench 
bottom and the pipe flow line being about identical. Subdrainage laterals should 
generally be placed on a minimum grade of 0.3 ft in 100 ft. Mains should be on 
the same minimum grade, although 0.1 ft in 100 ft is permissible if necessary. 

The trench should be kei)t as narrow as practicable and still permit jointing to 
be done. The minimum is the inside diameter of the pipe plus 9 in. See page 313. 

Underdrain pipe should be laid on a stable base. If the bottom of the trench is in 
an impervious layer that has become wet and puddled, it may be necessary to add 
granular material to stabilize the bottom. However, the depth of gi aiiular material 
should not be such as to encourage the flow of water under tlie subdrain pipe. 

Subdrain Pipe 

Installation of corrugated metal pipe has ])een described on poges 433-451. For 
subdrainage pipe an additional precaution is in regard to the perforations. These 
should be })laced at the lower quarter points except whore the pipe crosses pervious 
strata where the water would be lost and cause further damage. See Fig. 335. 
I^lacing the holes jis shown, lowers the water table most for a given depth of trench 
and reduces any tendency for backfill material to flow into the pipe. The unper¬ 
forated segment in the bottom will handle normal flow of water intercepted by a 
di’ain. 

Catchbasins, manholes, risers and fittings such as tees, wyes, elbows and reducers 
should preferably be placed in the line at the time the pipe is being laid. 

Bockfill or ^‘Fitter*’ 

The subdrain trench must be backfilled with a fine, graded pervious (granular) 
material that will serve as a ‘'filter’' to keep fine soil from entering and clogging the 
drain jiipe. 

(Tiadation of the filter material recommended is shown as No. 1 in the accom- 
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panying table (Fig. 335a). Many bank-run sands and concrete sands and gravel 
aggregates will meet these requirements. Graded crushed stone not of a self¬ 
cementing nature may also be used. Material having not more than 10 per cent of 
its weight in particles larger than ?^-in. size, but otherwise meeting the No. 1 
gradation, will make a satisfactory filter. It is important that the fine material be 
in (contact with the sides of the trench throughout the water-bearing strata, thereby 
fireventing washing of soil fines from the trench walls and clogging the coarse filter 
and the pipe. 

Filter material should be placed in layers and should be tamped. Filter material 
should be carried to within 6 in. of the ground surface, and the remainder of the 
trench filled with earth thoroughly (compacted. AMiere surface intereception is 
desired and silting not likely to occur, tlie filter material can be carried to the surface. 

When subdrain pipes with open joints (instead of perforations) arc used, it is 
generally necessary to use two different backfill materials. A coarse filter material 
(No. 2 on chart) is placed around the pipe to prevent the entrance of fine material 
into the pipe. Second, the fine filter material de.seribed above mu.st be used to j)re- 
vent washing of soil fines from the trench walls. 

Where perforated short-sectional clay or concrete pipe is used, the joints between 
sections must be filled with cement mortar. Merely laying burlap or roofing paper 
over the joints will not prevent entram^e of the fine graded filter material. 

Retaining Walls and Abutments 

Perforated corrugated metal pi|)e installed as drains for retaining walls and for 
the back of bridge abutments must Ife installed in a backfill of pervious material 
as indicated for underdrains or subdrains. W'hilc drains may be placed on more 
than one elevation for high abutments, the bottom drain should be ])hiced at tlie 
lowest level that will dr-ain when water in the stream is at normal low u ater level. 


CORRUGATED METAL PIPE SECTIONAL DRAIN PIPE 



ONLY one filter GRADATION NEEDED TWO FILTER GRADATIONS REQUIRED 

Gradation No. 1 is used to prevent migration of Gradation No. 2 is necessary in conjunction with Gra- 

soil particles from trench wall which would cause dation No. 1 to prevent fine filter material washing 

silting of underdrain and settlement of surface. into large opening at joints and clogging the pipe. 

Depth *‘D” should be varied to suit installation conditions. 



*C.A.A. Recommended Filter Grodotions. 


Fig. 335a. Recommended filters for two types of subdrains—perforated and open joints. 
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Jacking 


Nkw openings for cuh^erts, sewers, conduits, underpasses, etc. are frequently re¬ 
quired under existing railroads, liighways, streets, runways, levees and other 
engineering works. Four methods of placing such o})enings are: open trenching, 
ja(;king, tunneling and boring. These methods arc discussed in this and following 
chapters. 

Opefi trenching is the most commonly used method and is weil adapted to new 
construction and to replacements under shallow fills and areas of light traffic;. This 
method is desci ibed in detail in the i^reccdiiig chai)ters. 

The jacking method of installation, in use for the past quarter centuiy, offers 
important advantages such as protection of the gene* il public and expensive sur¬ 
face installations, and fast, uninterrupted movement of traffic. Fig. 33G. 



Fifl. 336. Jocking pro»!d.. an effleien* means of installing eulverh under busy thoroughfares. 
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Diameters 

Diameters of pipes from 28 in. up to 96 in. have been installed by the jacking 
method with no settlement of surface structures and no interruption of traffic. 
However, the most common sizes being jacked today range from 30 to 60 in. One 
essential of this method is that the structure be large enough to allow working space 
for a man to excavate ahead of the pipe without being too cramped and 36-in. 
diameter seems to be the minimum for the average size man. The maximum size 
that can be jacked depends on several factors of which the main ones are: ground 
conditions, height of cover and safety. 

Lengths 

The length of pipe that can be jacked is variable and depends on the pipe diam¬ 
eter, ground conditions and the pressures required to push the pipe. Therefore, a 
thorough investigation should be made of these factors before setting up a job 
which is to he done entirely by the jacking method. Lengths of over 200 ft have 
been installed by this method, but ground conditions had to approach the ideal 
and the pipe had to be kept in motion on a 24-hour basis to keep it from “freezing” 
tight. Where the pipe does “freeze up” it is possible, under most conditions, to 
move to the opposite side of the fill and to jack the balance of the pipe to meet the 
end that is already in place. To do this and make a proper junction of the two 
pipes, it will be necessary for line and grade to be accurately set and closely watched. 

Depth of Cover 

The cover over pipe to be jacked t>n railroads should be at least one diameter, 
with a minimum of 3 ft to get below the ballast line and into stable material. 
Under highway slabs that are reinforced, the cover can be a minimum for providing 
a cushion between bottom of slab and top of pipe. However, under bituminous type 
pavements the cover should be equal to that used under railroads. 

Acceptance 

This method of installing new openings has become standard procedure for most 
railroads and numerous highway departments and has resulted in saving time, 
money and material, plus a factor of safety which is all-important to present day 
movement of traffic. Jacking also avoids the covst and nuisance of rei)eated main¬ 
tenance of the fill due to settlement which is usually necessary when the open 
trench method of installation is used. For levee or dike installations jacjking avoids 
sacrificing valuable land and the building of new set-back levees. 

Jacking Procedure^ 

Testing of Soil 

Jacking should not be attempted in dry sand, in gravelly soil that is known to 
contain large boulders, through fills where logs or stumps are knowm to exist or 
where it is impractical or uneconomical to lower the water table below the excava¬ 
tion. 

In all questionable soil conditions, the soil should be tested by boring or sampling 
before jacking is decided upon. This is neither costly nor time-consuming. 

Approach Trench 

When pipe is to be jacked through fills higher than the diameter of the pipe, plus 
the required minimum cover, no working pit is necessary. Howrever, it is desirable 
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Fig. 337. Setup for typical lacking operation. 
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Fig. 338. Jacking 36-in. corrugated metal pipe under main line railroad. 
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to excavate an approach trench into the fill far enough to provide a jacking face of 
3 ft or more above the pipe. This open face should be shored securely to prevent 
slipping or raveling of the embankment. Provision for a sump should be made in 
one corner of the approach trench or pit. 

Backstop and Guides 

A substantial backstop is necessary to take the thrust of the jack. A 60 to 80-ft 
length jacking job in reasonably good soil often develops 150 to 300 tons of jacking 
resistance.* The backstop is usually of heavy timbers. 

The timbers or steel rails that sup|)ort the pipe as it enters the bore must be 
accurately placed on line and grade. Both line and grade should be checked at 
least once per shift as the work progresses. Fig. 337. 

Pipe for Jacking 

For corrugated pipe to be jacked, the sections are especially prepared for making 
field joints by riveting or bolting. The use of a jacking band to reinforce the end 
receiving the thrust is recommended especially for long lines or large diameters. 
^\dlen jacking through loose or gravelly soils, smooth steel sheets of light gage 
should be bolted to the top and bottom of tlie pipe sections. 

Equipment 

Necessary equipment for jacking includes an electric power plant for lights, 
pumps, excavating tools, muck handling e(iuipment and jac^ks. Often an air corn- 
])ressor for air spades and l)reakers is justified. A wheel-barrow is economical for 
pipe 48 in. and larger. For smaller pii)e. some ty|)e of skip or dolly-mounted dirt 
box is required. 

Any of several types of ja(^ks can be used. These should have a capacity of at 
least 35 tons and be operated in pairs. Travel of jacks should be at least 13 in. 
Small track jacks can be used to start the pipe. Fig. 338. 

Working Crew 

A crew of four men and a sulnforeman, per shift, provides the necessary man¬ 
power. However, during the preliminary work of excavating the working pit and 
placing the backstop, more men can be employed, such as l)y combining two shifts. 

One man digs at the head of the pipe. A second man loads the dirt buggy. The 
other two remove the excavated material and they jack the pipe. All hands join 
in lowering a section of pipe into the trench and making the field connection. 

Jacking Operation 

As material is excavated ahead of the pipe, the pipe is jacked in to follow this 
excavation. The distance dug ahead of the pipe rarely exceeds 12 to 18 in. Some 
loose soils may reduce this to 3 or 4 in. 

Excavation should be about 1 in. more than the outside diameter of the pipe at 
the top, and taper off towards the invert. 


REFERENCES 


1. For details see “Jacking Culverts 
Through Fills,” by C. M. Colvin, in 
Western Construction^ San Francisco, 
April 1953. 

2. Where excavation is carried ahead of 
pipe, the pressure may be 125 psf of 


surface area of imbedded pipe. Where 
jacking is progressed ahead of the ex¬ 
cavation, the pressure may be 600 psf, 
according to Jacob Feld in Bull. No. 14, 
Highway Research Board, 1948. 




Fig. 339. Another m«thod of installing small conduits under streets and railroads is by boring 
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Boring 


B U!Nu is another means of installing conduits and culverts without disturbing 
surfa(*e structures or traffic. This method is generally confined to pii)e diameters 
from 1 in. to 36 in. Various types of machines on the market are built to perform 
this operation. 

Tliere are two basic methods for accomplislung the objective, the first of which is 
to [)ush the (amduit pipe into the fill as the boring auger drills out tlie ground. 
Fig. 339. The second one consists of drilling the hole through the fill and pushing 
the conduit j)ipe into the liole after the drill auger has completed the bore. Both 
of these methods have their adv^antages, but if there is any doubt concerning the 
gi-ound conditions, the first method is the safer of tlie two and offers greater |)rotec- 
tion to the surface structure under which the conduit is being pl:iccd. 

For example, if the second method is used and a sand pockc^t is encountered in 
what is otherwise a good stalfie fill, it is easy to imagine that a void in the fill 
could be created that would cause a lot of trouble. Tlie use of boring (H|uipment 
for installing small diameter tubing is illustrated on ])age 358. 

Location of Holes 

Since these boring installations are generally of small diameters, the [lossibility of 
lieing stopped liy encountering bouldei’s, rocks or utility lines should be taken into 
consideration and alternate locations for tlie conduit should be provided. In some 
locations, rocks and boulders are prevalent, while in other areas the possibility of 
encountering such obstacles is remote. Hence the engineer and the contract,or must 
guide their thinking accordingly. Where obstacles are encountered in fills, it may 
lie necessary to abandon that exact location. However, liy starting a new hole at a. 
distance of as little as 1 foot either side may make it possible to miss the obstacle 
and go through with a successful installation. 

There have been cases where as many as six holes were drilled before a. clear jiath 
was found for the boring tool. 

There are machines that will bore through rock and coal, but sometinu's it is n(»t 
economic-ally practical to adapt these rock cutters to earth augm-s. Most boring 
augei s will penetrate soft rock, wood or brick, Init experience and “feel” are recpiinMl 
to judge the practicability of going ahead when such obstacdes are encountered. 
Line and grade may suffer because of these obstacles and even tliough it is jiossible 
to complete the bore, it may not be satisfactory for the iiuipose intendcul. Under 
such circumstances it may be wiser to abandon the bore when the obstacle is en¬ 
countered and move a few feet to try again for a clear pathway. 

The horizontal boring method of installation is not an exact sc-ience and hence 
recjuires exjierienced personnel, good investigation of ground conditions, good 
equipment and flexibility of thinking. 

Instructions 

Detailed instructions are not available. However, in general, the information 
given in the preceding chapter on Jacking applies here. 
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Fig. 340, Liner plate shaft used in the installation of a new sewer line in Charleston, West Virginia. 


CHAPTER FIFTY-SIX 

Tunneling 


Anothkr method for installation of culvert openings, sewers, conduits, etc. under 
surface structures is by tunneling. Tunneling may be done with timbers and 
lagging or by the use of metal liner plates, supplemented in the larger tunnels by 
metal ribs. Because of the fire hazard, cost and scarcity of timber, this material is 
giving way to metal tunnel linings. Liner plates for holding back the ground 
while the tunnel moves ahead are described in Chapt. 48, page 400, and the efficient 
use of these plates to install underground openings is finding its way into more 
projects every year. In some of these projects the liner plates may serve as the 
finished structure while in others the plates serve only as a temporary support for 
the “bore” until a monolithic lining can be placed. 

Under present traffic conditions the engineer should give full and detailed con¬ 
sideration to the use of tunneling before allowing his railroad, streets or highways 
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to be broken open for any purpose whatsoever except under circumstances of 
absolute necessity. For instance, a street in a business district should not be torn 
up for new sewers and utility lines if doing so will interfei’e with business for mer¬ 
chants, restaurants and hotels lining both sides of the street due to traffic stoppage 
or congestion. Fig. 340. 

Precautions 

Although there is no mystery about tunneling, it does consist of the ernjiloyment 
of knowledge and experience plus the right tools and materials to gain the objec¬ 
tive. Hence, exi)erienced contractors or other qualified personnel should be em¬ 
ployed on all tunnel work. Breaking tlirough the sheeting of a pit to get tunneling 
started can be a risk}" operation. Also, working a tunnel face in soft wet ground or 
“sugar sand” can cause trouble if experienced personnel is not employed. 

Procedure 

A first step in any tunneling job is to excavate and shore one or more working 
pits. These should be large enough to contain a compressor, piirni), lighting c(juii)- 
ment and tools. Provision must l)e made for lioisting the muck dug from the tunnel. 

Before Ijcginning excavation of the tunnel, a short section of liner plate should 
be assembled and set up in the ])it accurately on line and grade, as a guide to sub¬ 
sequent operations. Frecpicnt instrument checks on line and giade are essential. 

The excavation for the tunnel should be kept to the outside diameter of the liner 
plates and any voids that might occur due to boulders, loss of face matei’ials, etc. 
which might cause voids back of the lii.ier plate, should be immecliately filled with 
well conqiacted material o?’ pressure grout to avoid any settlement of the over¬ 
burden. The use of hay oi* straw will help j)revent loose material from running and 
causing large voids behind the liner plate. These temporary fillers should be 
replaced with more permanent materials before the job is c()m])leted. 

In soft, unstal)le ground, various methods of advancing the tunnel are used such 
as the ‘^shield”; “juding plate”; “poling board” (see Fig. 341) or “s{)linter”; 



Fig. 341. Typical set-up for tunneling with Armco Liner Plates. 
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‘'hencliing” and “needle beam” method. These are used singly or in combination 
dci)ending on ground conditions, diameter of the “bore” and type of loads the 
tunnel is carrying. 

W hen unstable ground is anticipated, a percentage of the liner plates should be 
[)rovided with grout holes and nipples to facilitate grouting of voids. 

Using light-weight tunnel liner plates for vertical shafts, mine slope entries, 
caissons for bridge i)iers, etc. is entirely practical and saves the extra excavation 
that would be retpiired where heavy timbers were contemplated. 
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Fig. 342. Equivalent fluid pressure for caisson construction. 


Caisson Construction 


The load carried by an IS-in.wide liner joint plate (lap) at a specified depth 
may be computed b> multiidying the pressure shown in Fig. 342 by one-half the 
diameter of the caisson in feet. Then it is necessary to choose the gage of liner 
plate to carry this load with the desired factor of safety. 

Example: Determine the load for a caisson 20 ft in diameter, 40 ft deep, in 
damp plastic clay. From Fig. 342, the load per 18-in. ring i)er ft of diameter is 
20 

3500 11) Then 3500 x ^ ft = 35,000 lb per joint. Ultimate lap joint strength for 3 


ga. plates with ASTM A-325 high tensile steel bolts = 131,500 lb (From Fig. 43, 

. r rx 131,500 
page 52). Factor of 8afety = -— ^ =3./6. 

oOjUUU 


















Fig. 343. Old structures can be revitalized by lining with corrugated metal pipe. 


CHAPTER FIFTY-SEVEN 

Lining 


There comes a time when tunnels, conduits and culverts begin to deteriorate and 
lose strength. A decision must be made as to whether the structure should be re¬ 
habilitated or replaced. The decision is usually based on economics. Also, due to 
changing conditions, some old structures must be strengthened to take care of 
present and future loads which are greater than those lor which the structures were 
originally designed. 

i)iscussion is confined to some of the economical methods used to rehabilitate 
and strengthen drainage openings, small bridges, sewers, etc. 

Masonry and Concrete Arches; These structures begin to deteriorate from 
natural causes after being in service for a i)eriod of years. Moi’tar comes out of the 
joints, the stones become loose and alternate freezing and thawing causes trouble. 
(k)ncrete })egins to crack and spall off or heav^y loads cause foundation settlement, 
resulting in cracking and spalling. Consequently, the structure needs to be strength¬ 
ened or must be replaced. Rehabilitation in numerous cases is the most economical 
and can be accomplished with minimum effort. 
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Lining such a structure with a structural plate or liner plate arch will require a 
minimum of space, thereby saving a maximum amount of the original waterway 
area. These metal arches can be supported on new concrete side walls or on origi¬ 
nal bench walls where feasible as illustrated in Fig. 344.. Tables 11-9, page 131, 
and 14-3, page 142, show recommended minimum gages for arches of 6 to 30-ft 
span. Although these tables cover railroad loadings the same principle can be ap¬ 
plied to highway structures. 

Pressure Grouting 

By pressure grouting the space between the old and new structures, further 
colla[)se of the old structure is prevented and concentrated pressures on the new 
lining avoided. Two-inch grout couplings welded into the liner plates can be 
furnished at proper intervals for convenience in grouting. 

Grouting should be carefully done and frequent chec^ks made to see that voids 
are being thoroughly filled. In fact, due to shrinkage of the grout after “set up”, 
the top row of grout holes should l)e “check grouted” after grout placement is 
completed to be sure any voids due to shrinkage have been filled. 

Lining Materials 

As mentioned above, either structural plate or liner plate can be used as the 
liners. The one chosen depends on the condition of the old structure, the room 
available in which to work and the accessibility of the site. Small arches, 6 ft or 
less, can be lined with riveted .corrugated metal sections. Each product will 
accomplish the same objective and the clu)ice will be determined by the size of the 
structure and method of installation used, l^ach product can be set in channels 
thoroughly anchored to a j)ro|)er base. The ])lates in turn will rest in these clian- 
nels to get the proper load bearing requirements. 



Fig. 344. Cross-section of 1100-ft concrete box culvert reinforced with steel arch to withstand 
heavier plane loods on midwestern airport. 
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Hundreds of lineal feet of masonry arches have been given new life by this 
lining method over the past 20 years and the results have been very satisfactory. 

Other Shapes of Structures 

This same method of relining can be applied to full round, elliptical or other 
shapes of structures that have begun to show signs of deterioration or collapse. 
New corrugated metal pipe, structural plate or liner plate can be threaded inside 
the old structure to give it new life for long trouble-free service. Frecjuently, due 
to excessive deflection or joint settlement, the diameter of the new lining will 
ne(!essarily be much smaller in order to have clearance for threading. In siurh 
cases it sometimes is necessary to jack or tunnel a, supplementary opening «along- 
side the present structure to make up for the lost waterway area in the old culvert. 
It also happens that changes in runoff conditions may not require as large an open¬ 
ing as originally installed. In these cases, a redu(‘tion in waterway area due to 
“threading” is not serious. These changing conditions should l)e investigated be¬ 
fore the engineer sets forth his requirements. 

This method of rehabilitation can also be applied to storm or sanitary sewers 
which are beginning to show signs of weakening. Fig. 345. Methods of installa¬ 
tion of liners for sewers will vary with the size of the sewer and the type of liner 
to be used but the basic principles applying to this type of jol) would be the same 
as those used in “threading” or lining a culvert tliat is relatively short and open 
at both ends. 



Fig. 345. Specially fabricated corrugated metal pipe, egg-fhaped, waf uied to line a fading 
fewer. Viewi show sections before and during installation. 
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Bridge Filling 


On hailkoads and luj»]iways there are innumenible small l)ridf»;es huilt of timber, 
concrete and steel, nr a combination of these materials, that are larf;cr than the 
draina^j,e ar'(‘a demands. Maintenance on these bridj^es becomes cjuite costly as 
the structiir(‘ a^>es. Kventually, arrangements must be made for major lepairs or 
complete replacement. At that time a com))lete investigation should be made of 
the actual waterway o])eiiinj» recjuired, the importance of the structure from a 
trallic standpoint, consideration ol fire hazard, elimination of maintenance and 
the most economical material to be used. 

Kconomi(‘s ol materials does not necessarily mean low' first cost. Reduced main¬ 
tenance cost, lon^ trouble-fre(‘ life, ease of installation without traffic inteirup- 
tions and capital inv'estment shoidd be considered alon{» w ith the cost ol retirinj» 
the old stiucturc. 

Structural plat(‘ and corruf!,ated metal J)ipe have been used (juite extensiv'oly 
over the past 20 years (or filling* and i‘ej)lacing timber trestles on raihoads, and 
small steel, w’ood or concnde spans on county and state highway systems. The 
success ol apj)lyinft these metal structui*es is eviden(‘ed by the jijrowinj; accej)tance 
of t}i(*ir use. In some instances one optuiinjj; is sufficient to take caie of the water- 
W'ay W’hile in other cases a whole battery of pipes may be necessary. l)i’ainaj>e area 



Fig. 346. This mauiv« tr«stl« was r«plac«d with an aasy to maintain culvert and fill. 
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and available lu^adrooin \Nill determine the size and nnmbei of pipes required. 
Fig. 84() and 317. 

Pro])er foundation, strutting and tamping ol the baekfill are very imj)ortant 
and tliese operations are of sufhcient importance to warrant repeating. Where 
the pipe or pipes are close to existing j)ile bents and ci’oss bi’acing, a good job of 
backfilling and tami)ing should be mandatory at tliese spots. It w’ould be prefer¬ 
able to surround the pijje with j)it run gravel or other types of j)ervious material 
(except cinders or slag) rather than clay. Precautions should, however, lie taken 
to seal the upstream end against seepage under and alongside the pii)e—a cause 
of failures. 

Impervious materials can be used on top of the pervious material to build uj) 
the fill, but since water will follow’ the line of piling and ci’oss bracing and could 
cause soft spots ar’ound the i)ipes, it would be better to have a place for such water 
to collect on the outside and seep into the culvert before it can do harm to the fill. 
This is particularly true where structuj’al jjlate is used. After the fill has consoli¬ 
dated, this pervious material will gradually c(*ase to functif)n as a w’ater collector. 
However, it should be there at the time of installation to lielp eliminate soft spf)ts 
alongside the pipe that tend to form from rains that fall during the fill build up. 

In case of rei)iacement of railroad trestles, the caps and stringers should remain 
in place to handle traffic until the fill has become consolidated. Otherwise the 
railroad shoukl be w illing to raise track that settles with the fill. In case of highway 
bridge replacements, a temporary surface should be placed on the new fill until 
consolidation is final. 
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Bin Walls 


Armco bin-type retaining walls are gravity t.ype walls assembled from prefabri¬ 
cated parts. Stfibility of the wall comes largely from the weight of the fill confined 
within the bins. Resistance against sliding is provided by the friction of the con¬ 
fined fill on the foundation and by extending the wall into foundation material. 

Bin-tyjie walls can be erected by hand methods, placing one piece at a time. 
They can also be erected by making up sub-assemblies that can be placed with 
light cranes. Fig. 348. 

Excavation 

The earth can be excavated with heavy construction equipment to the elevation 
of the natural ground line and into the bank a short distance beyond the rear of 
the wall. The final excavation, from the giound line to the base of the columns, 
should be done by hand in the form of tienches just wide enough to allow the 
bottom members of the wall to be ])laced. This will lodiice the volume of excava¬ 
tion and make it easy to accuiately excavate the area under the base plates with¬ 
out disturbing any more of the natural ground than necessary. 



Fig. 348. On large retaining walls, it is frequently most economical to assemble transverse sections 
into units. 
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Fig 349 Backfill should be placed in uniform layers and then tamped 


Preparing the Foundation 

Tlie found ition under the w ill should he cleared of all sod, debris and unstable 
soil AMien the ^^dll is jilaced on rock oi other noiniehiing foundation, a cushion 
of soil should be [iLiced undei the base plites to permit the entiic wall to adjust to 
small diffcicntul settlements and avoid comentiation of loads on any individual 
mem be IS of the wall 

The elevation of the foundation should be set low enough to prevent under¬ 
cutting of the foundation if a ditch or stream canu^s water along the face of the 
wall The depth lequiied will vaiy with the velocity and direction of the currents 
OI the amount of wave action On good foundation not buhjcct to ero&iow, a 
shallow jootinq depth matj be used 

The base plates must be accurately placed to line, grade and slope. A simple 
template may be constructed for establishing the position of the base plates for walls 
placed on 1 6 batter When the walls are designed to be installed on other than 
the standard batter or placed vertically, the same method can be used by adjust¬ 
ing the template or batter block dimensions 

Subdrainage of retaining walls, using perforated metal pipe is generally desirable 
to eliminate the possiliility of hydrostatic pressure developing behind the wall or 
saturating the foundation. See Chapt 47, page 378. Such a subdrain should be 
placed at the back of the wall, below the lowest member, if a suitable outlet can 
be provided. 

Assembly 

Assembly of the wall can be handled either by building the wall piece by piece 
or by making a sub-issembl> of the tiansyeise section meml>ers (bearing plates, 
columns, spacers and connecting channels) erecting it as a unit and then jrlacing 
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the stringers. The latter method requires a small hoist for handling the trans¬ 
verse sections but will prove economical for long walls. Fig. 348. In either case, it 
is important to check the columns for batter and line as they are placed and before 
the assembly bolts are tightened. 

The wall can be backfilled as it is erected, provided caution is used to see that 
the columns are held in correct position while the backfill is being placed. A stringer 
and spacer temporarily placed at the top of the columns will assist in holding the 
columns in line. For higher walls when a column splice is required, it is often 
advantageous to backfill up to the splice before the upper portion of the column 
is placed. 

Backfill 

The fill should have a high percentage of graded granular material with a maxi¬ 
mum size of 3 in. Bank-run sand or fine gravel is ideal; heavy clays should be 
avoided if possible, but may be used if extreme care is taken in tamping the fill. 
No lumps, sod, cinders or frozen material should be used. 

First fill and carefully tamp the.trenches around the base of the wall. Place the 
balance of fill material in 6-in. layers and tamp each layer thoroughly to minimize 
settlement in the fill but avoid overtamping. Fig. 349. While the fill material 
should be placed to fill all members of the wall, it is advisable not to tamp the fill 
into the stringers and spacers. 

The backfill between the wall and natural ground should be kept approximately 
level with fill inside the bins vt all times. The fill over the wall should be shaped 
to avoid having surface water standing in the area. Paved ditches or storm sewers 
should be used to carry away surface water when a nearly level surface is required 
behind the wall. 

When a perforated metal pipe underdrain is specified behind the wall, a prop¬ 
erly graded pervious granular backfill material must be used over the underdrain 
and extend above the elevation of any seepage zones. 



Fig. 350. A bin type retaining wall used to permit widening a highway in New York State. 




CHAPTER SIXTY 


Sheeting 


The driving of sheeting requires skilled operators, particularly if satisfactory and 
economical results are to be obtained. This statement apj)lies to any type sheet¬ 
ing: wood, heavy steel sections or cold-formed sheets. 

The importance of proper driving ec^uipment and the proper use of it must bo 
stressed. The American Society of Civil Engineers in its Manual of Engineering 
Practice—No. 27 (1946) on Pile Foundations and Pile Structures—has the follow¬ 
ing recommendation on driving load-carrying piles and they apply equally well 
to steel sheet piles. 

Selecting Weight and Striking Velocity of Hammer, —The type, length, dimen¬ 
sions and material having been chosen for the pipe, in view of the s()il conditions 
and the load to be carried, the type, size, weight and velocity at impact of the 
hammer (or of equivalent gravity fall) must be chosen subject to the conditions 
that it deliver sufficient energy witliout injury to the pile. Selection may be made 
on the basis of weight of striking part (ram) and foot-pounds delivered per l)low. 
The matter resolves itself into a practical decision, since it is not feasifile to com¬ 
pute the various resistances that must be overcome. Good judgment, based upon 
knowledge of the local conditions and upon experience in pile driving, is essential, 
and advice of specialists would be of value.” 

Kinds of Soils Encountered 

Moist, silty soils or silty-clay soils are relatively easy to penetrate. Driving in 
clay soils will vary from easy to difficult or impossible. The same is true of sand. 
Confined quicksand is very difficult to penetrate by driving and will require the 
use of a water jet. Gravel-sand mixtures may contain large-size stones that will 
prevent the penetration of the piling. 

Suggestions on Equipment 

No definite recommendations can be given on the size and kind of driving 
equipment that should be used unless all the conditions are known. Suppose you 
were given several different kinds of nails—finishing, small and large spikes, boat 
spikes, etc.—to drive into different kinds and thicknesses of wood, and had avail¬ 
able several sizes of hammers and sledges. You would pick the hammer tliat would 
best meet the conditions. The character of the soil mass through which the piling 
is to be driven, the moisture content of the soil, the length and weight of the 
sheeting and whether excavation is done ahead of driving are facts that must be 
known in order to select the proper driving equipment for handling sheeting. 
Fig. 351. 

Table 60-1, which is based on manufacturers’ catalogs, gives an idea of the range 
of equipment that is available for driving sheeting. Data on the heavy, large 
size drivers which would be used for deep foundations has been omitted. No data 
are given for the "'paving-breaker” type of hammer, which is frequently adver¬ 
tised as a sheeting driver, since it is not suitable for most driving conditions. It has 
a tendency to batter the top of the sheeting. 
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TABLE 60-1 TYPES OF DRIVING EQUIPMENT FOR SHEETING 


J)e.^(ription of 
Hammer 


Double-A eting 


Single-Aciing 

Differ¬ 

ential 

Weighl, 11). 

105 

145 

! 

343 

675 

1500 

2900 

8000 

11,000 

3700 

4274 

Ram Weight, lb.. . . 

5 

21 

48 

68 

200 

400 

3000 

5,000 

1800 

1800 

Stroke, in. 

4H 


5Ji 

5:U 

7 

83^ 

36 

39 

24 

101^ 

Stroke's, no./min_ 

lOnergy, ft-lb/blow.. 

10(K) 

500 

500 

400 

300 

1000 

275 

2500 

65 

9000 

60 

16,250 

159 

80 

3600 

150 

3600 

Length,in. 

Com})ressed Air, 

25 

47 

37 

62 

57 

63 

148 

114 

771^ 

cu ft. 

60 

70 

70 

no 

250 

400 

400 

600 

220 

308 

Total Penetration, ft 

5-() 

6-10 

10-15 

110-15 15-20 

20-30 

. 


15-25 

15-25* 


Penetration is in averace material with hammer ooeratimr at rated soced. 
*HaHed on driving two sheets simultaneously. 


Weight of Hammer 

A liund rnnul or ii li^ht pneumatic hammer may be satisfactory for pushing 
sheeting in a trench where the bottom can l>e excavated ahead of driving and when 
the eartli loads on the sheeting are light. If the sheeting is to be driven in advance 
of (‘xcavation or the side pressurtis are heavy, then heavier equipment such as a 
drop hammer, or a pneumatic or steam pile driver will be needed. The use of 
heavy driving e(iui|)ment will usually show faster driving with less injury to the 
sheeting for any given condition. Light equipment tends to batter the top edge 
and slow down the driving. 

The driving equij)ment must be capable of supplying ample foot-pounds of 
energy ix) move the slieeting easily. A driver which strikes a heavy blow with a 
low velocity at im])act will do the most work with the least amount of damage to 
the sheeting. Long, heavy sheet j)iles recpiire more energy to start them moving 
than do short, light sections. In this resj)ect, the heavy hot rolled sections will 
recpiire heavier drivers tiian those for light-weight sheeting. The friction of the 
soil on the sheeting surfaces and force re(|uired for f)enetration of the leading edge 
are factors that are very liard to evaluate. In order to select the pro|)er driving 
e(iuipment, it is essential to know local conditions and ha\"e exi)erience with 
various types of driving ecpiipmcnt in the soil formations that will be encountered. 

Hold Sheeting Firmly; Drive Squarely 

Regardless of the type of eejuipment used, it is essential that the sheeting be 
held firmly in i)lace during driving. In addition, the driver must be held on the 
tof) of the sheeting so that all blows are axial to the sheeting and squarely cen¬ 
tered on the to}) surface. There is no real sulxstitute for a good set of leads that 
will hold the sheeting firmly in place and the driver in pro[)er position during 
driving. Fig. 851. 

In trench work where the sheeting is held by wales, it is sometimes possible to 
hold the hammer on top of the sheeting by means of a crane or a tripod, but the 
hammer tends to bounce y round and cause bending and bruising of the pile. Light 
pneumatic equi})ment must be held so that the blows are axial. For driving sheet¬ 
ing, as op})osed to “puslung” it, the hand tools strike such a light blow that the 
driving is very slow, resulting in bending and bruising of the top of the pile. 










SHEETING 


475 


Medium size single or double-acting hammers will give a much more sfitisfactory 
performance when held in leads tlian when swung on a cable. Tlie leads can l>e 
short and need not be as elaborate as would be recjuired for driving long foundation 
piling but they must be supported to hold the driver in line with the slieeting, and 
they should be guyed to hold the sheeting in line. A light to medium weight 
gravity hammer (1200 to 2500 lb) may give good results if properly guided and 
used with a 2 to 5-ft drop. 

Driving Heads Not Always Needed 

Driving heads, such as can be furnished with sheeting, are designed to s]nea<l 
the load over a larger area of the top of a sheet than would be the case if the driving 
ecpiipment were used without the head. Therefore, the head shoidd be used only 
when driving with hand tools or the light j)neumatic or gasoline drivers. The 
driving head is unnecessary and may even be detrimental when used in conjuru*- 
tion with gravity hammers or single or double-acting pile hammers. These drivxirs 
have a wide flat surface that will cover the entire top end of one—and in some 
cases two or more—sheet piles. The driving head, if used in this case, would con¬ 
centrate the blow on a smaller portion of the i)ile than would be the case it the 
driver were centered and held squarely on the top end ol the she(*ting and the blow 



Rg. 351. Proper driving equlpmpnt for hondling .tool .hooting dopond. upon tho choroetor of fho 
soil os well os Hie length and weight of the sheeting. 
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Fig. 352. Driving steel sheeting for erosion protection along a causeway in Florida. 


struck throuj;h the wide base of the driver. If proper driving; ecpiipiuent is used, 
the special diivins head is seldom necessary. 

Jets arc j;enerally necessary when dri\rng into fine, wxll coinjiacted sand or 
quicksand. They are used in crrnjunction with driving equipment and the water 
flow' must be crmtrolled to displace just enough material to allow the sheeting to 
be driven. 

Keeping the Sheeting Plumb 

Driving a long row of interlocking sheeting requires careful oficiation to keep 
the top fi’om progressively leaning toward the undriven end of the row. J^iach 
piece must be carefully lined and plumbed (some contiactors use a mason’s level 
on each section) before starting to drive it, and the section must be held firmly in 
place until it is driven to full penetration. A very satisfactory method is to set up 
the individual sections well m advance and then drive the row in a stair-step 
fashion, driving each piece 1 or 2 ft at a time. 

Closing the interlock on the bottom leading edge of the sheeting will frequently 
prevent small pebbles from entering the interlock and interfering wdth the dri\ing 
of the following section. Ci-awling out of plumb can be partly avoided by plac¬ 
ing one or tw'o 20 penny spikes in the fold at the top of the interlock of the last 
piece of sheeting driven, after the adjacent piece has been placed for driving. Each 
section of sheeting should be straight and free from kinks before it is placed for 
driving. 





CHAPTER SIXTY-ONi 


Beam Type Guardrail 


Location of Rail 

Tlie })i()})ei kuatioii ol mhiidiajl ma\ ho shown on tlic plans Often its looation 
IS loft to the discietion of the oonstiiution onj*inoo! oi to the noiintonunoe su]>oi- 
visoi. 

In senoial the lail should ho loc itod near the shouldoi lino to gi\Q a ma\iininn 
width of loadwav and shouldoi llowovoi, the distance fioni the haok ol the 
post lino to the slope should not ho l(‘ss than O 2 ^ ordoi to Kl^o adcMpiato 

suppoit aj^ainst o\oituininft At the thioat of naiiow hiidi»os, the appioaoh suaid- 
lail should ho placed on the tiafhc side of the hiid^o end post so that a \ohiclo 
cannot stiike the end post Ahiujit (‘hanjijc's in diu'ction should ho a\oidod when 
j)ossihlo hoi furthei details on location, see Design of Guaidiail, Chajitei 49, 
pages 407-414. 

Posts 

Spuing of posts on 12J'2"^t contois should be done with reasonable acciiiacv 
and caio, osjioc Lilly if pro-diilloci posts aio used Oidinarilv, howo\oi, a post can 
ho nio\od it the to]) siifhcionth to lino it up and space it accuiatoly. 

Posts Tna^ ho dii\oii 01 hole's ma\ ho dug or drilled depending on the kind of 
soil and ])rosonco of lock 01 houldois Dining 01 dulling o(jui])inent should ho 
idc*(]uato to handle an> (on<lition oncountorod Fig .k)3 



Fig. 353* A tractor-mounfed auger 1 $ convenient for making guardrail post holes In most soils. 
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Woo(J posts may be left high and later trimmed to a uniform height. Metal or 
concrete posts should be set or driven to grade. Depth below ground is usually 
3 to S }/2 height above ground is approximately 2 ft. Normally the center of 
the rail is at automobile bumjier height—18 in. above the ground. 

Backfilling of dug or drilled holes should not be (iompleted until the rail is in 
I)lace and lined up. Backfill should consist of dry earth or granular material, well 
tamped. Posts need not be set in concrete unless unusually soft materials recpiire it. 

If tlie top of the posts are flush with the top of the rail, wings of snow removal 
equipment can “ride” the top of the rail without damage to either. 

Assembling the Rail 

The easiest way of assembling beam-type guardrail is to begin at the end 
farthest from approaching traffic, placing one panel of the rail at a time on the 
posts, without putting the nut on the long post bolt until the next panel is in 
|)lace. The two corrugation crests should always be towards traffic so that the 
bolts are in the valleys or post side. Fig. 354. 


% 



Fig. 354. Two men 
can handle a single 
section of Flex-Beam 
Guardrail. 


Fig. 355. A Reid coat 
of paint should be ap¬ 
plied to the guardrail 
after it is installed. 
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Then the six short splice bolts are inserted and the nuts left loose. Tightening 
of all bolts is done during the final aligning process. 

The end wing is installed just like any other panel and always with the end 
flared back. The lap at all posts should be such that a ^''ehicle does not strike 
the end of the metal. 

Painting 

Beam-type guardrail comes with a mill primer coat of paint to prevent rusting. 
A field coat of paint should be applied after the rail is installed and finally aligned. 
Fig. 355. 

AA hite paint is considered to liave the best visibility. However, orange (*olor and 
aluminum [)aints are also used. Black diagonal striping of the rail can be done 
for special warnings. The use of reflector buttons and tapes on the rail is also 
])ossible. 

Maintenance 

Panels oi‘ posts damaged i)y collisions should be promptly repaired or replaced. 
Meanwhile, due to the beam strength of beam-typ(‘ guardrail, the remainder of 
the rail provides effective protection. 

Damaged panels can leadily be unbolted, remov**d and re|)laced by the main¬ 
tenance (;rew. Posts should l>e realigned or replaced as necessary, with care being 
taken to tamp the eai’th ai’ound each affected post. 

Periodic repainting of the ])anels and j)osts is desirable to imiintain high visi¬ 
bility and to prolong the life of the rail and posts. It is essential that dust, dirt, 
gi’easc and any loose paint be removed before |)ainting. Rusted sj)ots or streaks 
should l)c wire brushed to remove loose rust. 

Bridge Rail 

On new bridges of deck girder or slal) construction, the guardrail posts are 
generally so sjjaced as to be in some fraction (usually one-half) of the standard 
guardrail panel length (12)2 ft). However, for both new ami old construction, and 
es])ecially on truss bridges, the guardrail panels can be specially shop cut and 
punched or can be field drilled. Si)ecial brackets may be needed for bolting the 
rail to girders, beams or truss members. 

Ibidge rail is generally attached at the same level as load guard. In many cases 
it may be a continuation of the road guard from the approacdies. On truss bridges 
a second or higher line of rail can be j)laced to proteert the members from being 
struck by truck or trailer bodies or by their loads. See page 410. 

Curved Installations 

The apidication of deep corrugated l)eam-type guardrail to curved installations 
is as simple as for straight lines since no tensioning is required for this type of 
rail. Flex-Beam Guardrail may be obtained shop curved to any desired radius 
20 ft or greater. 

For radii of 150 ft and over, the elements may be erected in a smooth curve 
without the necessity of shop curving since the lap joint of beam-type guardrail 
is as strong in bending as the rail element. Successful field installations with radii 
as small as 75 ft may be made by attaching several sections of rail to the ones 
to be curved and using the extra sections as a lever. The extra lever sections are 
then removed and used elsewhere. When available, the power of trucks or tractors 
can be utilized for field curving of guardrail sections. 



CHAPTfft SIXTY-TWO 


Metal Bridge Plank 


Where Used 

Metal bridge plank is used principally in the reflooring of highway bridges which 
have worn wooden floors. There are also many places where it may he economi¬ 
cally used in the design of new bridges. Besides providing a new, quiet floor, it 
serves to stiffen the bridge laterally. It has been successfully used since 1946. 

hlssentially the metal bridge plank is a steel j)late 24 in. wide, with 6-in. by 2-in. 
trapezoidal corrugations. Fig. 357. Maximum lengths are 20 ft for 12 gage, 
16 ft for 10 gage and 12 ft for 7 gage. These lengths are welded together, end to 
end, to form planks across the bridge floor. Physical pro|)erties and re(;oinmended 
spans are given in Table 62-1. 

Present Stringer System 

To prevent excessive deflections of the floor anti conse(|uent rupturing of the 
metal and the pavement, care should be taken to pi’o|)erly supj)ort all stringers 
with their tops reasonably well aligned l)efore applying the metal planks. Blocking 
shims under the ends of stringers be necessary to l)ring them up to good 
alignment so the i)lanks are supported unifoimly at each stringer. 



Fig. 356. Installing Armco metal bridge plank to replace an old wooden floor. 
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X 114" Holes 



A very light, limber stringer system can also cause excessive deflection of a 
bridge floor and result in premature failure of the flooring material. The same is 
true of a system of stringers having different stiffnesses. 

Complete replacement of the iiresent stringer system may be necessary in some 
cases, either with steel or timber. Steel is preferable liecause it permits securely 
welding the metal floor plank. 

Welding 

Provided the stringer system has been properly leveled, supported and tight¬ 
ened, and a smooth floor laid, the welds on the bridge deck material need carry 
only a limited amount of stress. Nonetheless, the welder should bo one who can 
pjiss the (jualifying tests of the American Welding Society for bridge construction 
as outlined in their handbook. 

Metal bridge plank is welded from the top through slotted holes punched to 
match bridge stringer spacings. Fig. 356 . These holes are ^4 ^ 13 4 

These same holes can be used if the planks are to be bolted or lag scTowed to 
wooden stringers. 


TABLE 62-1 PHYSICAL PROPERTIES OF ARMCO METAL BRIDGE PLANK AND 
TENTATIVE RECOMMENDED MAXIMUM SPANS FOR 6^x2" 
TRAPEZOIDAL CORRUGATION 


Gage 

Equivalent 
Thickneas 
in In. 

Section 

Modulus 

In. 

Cubed/In. 

Weight 

Lh per 

Sq Ft 

Maximum Span—in In.* 

11-20 and 
II-lo 

II-IO 

7 

.1703 

.162 

10.7 

30 

30 

10 

.1345 

.124 

8.0 

25 

32 

12 

.1046 

.008 

6.2 

22 

28 


Average weight of surfacing is 28.1 lb per sq ft ha-sed on 2 in. over metal at center line 
and 1 in. at edges. Pavement at 135 lb per cu ft. 

♦For ASTM :245-48T, Grade “C”; center to center of stringers except where stringers have 
very heavy and wide flanges; then from edge to edge of stringer flanges. 
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Fig. 358. Bituminous pavements are applied to metal bridge plank in two courses. 


Bituminous Pavement 

Bituminous ])aveinents liave boon used successfully witli metal bridj>;e plank 
fl(K)rs. The only jtrecautions necessary are to make the ])avenient ol such consist¬ 
ency that it will not shove under the action ol traflic aiul that it be made smooth. 
\\ herever dense ^.raded, not too rich mixes have been used, and \\('ll compacted 
into place, no trouble' is likely to occur. The best f!:;uide to pro])er paxement 
construction on these floors is the experience of the local highway depai’tment. 
Fig. 358. 


CHAPTER SIXTY-THRBe 


Armco Gates 


Recommendations for the installation of the various types of Arineo Gates will 
be discussed under four j>eneral headings: slide head ^lates, flap ^ates, radial gates 
and roller t;ates. See table of water control j’ates. Table 10-2, page 376. 

Slide Head Gates (Models 50-10, 30-05, 101 and 115) 

These models are machined and adjusted befoi’e they leave the factory. For 
best results the gate should be in position before the concr(*te is placed. The 
gate slide must be in position in the \^edge blocks. This will prevent springing 
of the seat casting. 

If the concrete is placed before the gate is in j)osition, a recess must be provided 
for the seat spigot. Leave the proper space for later "grouting-in’' ot the gate. 
Anchor bolts should be secured in j)osition in the foi.tih and held in perfect align¬ 
ment when the concrete is placed. When the gate is installed, it should be placed 
on the anchor bolts wdth the slide engaging tlio wedge blocks. Hlock the gate in 
position and carefully grout in the seat. The gate seat should never be tightened 
to an uneven concrete surlace, as it would spring and jiermit leakage. 

Lift and stem guides should be carefully aligned iiarallel to the gate faces. 
This will insure smooth operation of the entire assembly. Detailed drawings and 
instructions are usually sup|)lied by the manulacturei. Fig. 351). 



Fig. 359. A battery of 72-in. gote* located in Texas City, Texas. 
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Models KMX) ond 5-00 

Care should be taken to avoid twisting the welded steel framework during 
installation. These models do not have wedges nor are they machined. Twisted 
framework will not allow water pressure to correctly seat the gate and will result 
in excessive leakage. 

After the gates are installed, they should be carefully inspected to make sure 
all concrete is removed from the slots and seating surfaces and that the slide 
moves freely. 

On Model 10-00 the guides, stem, gate and lifts should all be in perfect align¬ 
ment. This will permit the gate to be raised and lowered without binding. 

Flap Gates 

Install flap gates with seating faces in a vertical plane, or with the bottom of 
the seating surface projecting slightly forward, so the gate will not hang open 
when not operating. This will also assure seating of the gates under small heads. 

The ring or seat casting is comparatively light and can be easily warped. It 
should not be tightened against an uneven concrete surface. Concrete should be 
thoroughly worked around the gate seat while being placed. This should be done 
carefully as too much force might cause war]:)age. On most sizes, it is necessary 
to have a slight recess in the concrete at the top of the gate ears. This allows 
the link to move in and out and the gate to function properly. Fig. 360. 

After installation, care should be taken in removing all concrete that might have 
stuck to the seating faces or at any pgint to hinder operation of the gate. 




Fig. 360, instoiling battery of 72-In, culverts with flap gates and diaphragms under a levee In Oregon. 
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\\ here flap gates are to be installed on very low and unstable ground, the recom¬ 
mendations in the next chapter will be found very helpful. 

Radial Gates 

Side walls must be vertical and parallel. The bottom of the channel should be 
level and at right angles to the side w alls. 

Both pin bearings must be installed at exactly the same elevation with the 
bearings at right angles to the wall. The centfM- line of the hole in each bearing 
should also be at the correct distance from the location of the center line of the 
drumshaft of the hoist. In the area v\here the nil)ber .side seals are in contact 
with the concrete, the concrete should be carefully smoothed. This smooth con¬ 
crete will help in obtaining the desired seal and in prolonging the life of the rubber. 
A steel plate may also be imbedded for contact with the seal. 

Perfect alignment of all ])arts can bo assured by seating the gate into position 
w ith pins in bearings and pin plate before pouring concrete walls, or leaving windows 
in \valls to set parts into for grouting bearing in place. Fig. 3()1. 

Roller Gates 

Side w^alls must be vertical. The bottom of the channel should be level and 
perpendicular to the side walls. Both channels foi ioilers must be vertical and 
parallel to each other. Contact surfaces for seals should be troweled smooth or 
have steel plates imbedded for seal contact. 

Stems should be plumb. If stem guides are used, they must be correctly aligned 
to j)ermit the stem to work freely. The distance between lifts should be carefully 
maintained when ])lacing anchor bolts for the lifts. 






Fig. 361. A 10 X 10 ft rodial gat* on th* K«rn Rivar in California. 





CHAPTEk SIXTY-FOUk 


Flap Gate Drainage Structures 
Through Levees and Dikes 


Corrugated pipes fitted with flap gates can be employed successfully wherever 
it is practic;al)le to maintain levees or dikes. While the difficulties increase with 
the larger sizes (48 to Ofi-in.) in wet, soft soils, this is even more true of alternate 
structures. Some of these latter re(iuire stable, unchanging foundations which 
may be secured only at great exi)ense. 

Size of Pipe 

The size of tlie pipe is determined by the rainfall runoff and the length of time 
recpiired to drain the land. In many cases, reclaimed lands became (amipletely 
submerged during the winter due to the rise in the river and sloughs adjoining 
these lands. Knowing the rate at which this river water recedes after flood periods, 
and tlie length of time one can allow for draining the lands, the sizes of gates can 
be determined. When making levees on unreclaimed land, it is usually the best 
practice to install gates at the ends of the natural drainage ditches and this makes 
it possible by investigating the flow in j^hese channels to determine more accurately 
the sizes of structures required. 

Methods of Transporting 

Drainage gates and pipes are delivered by boat, barge or tractor sled and some¬ 
times floated and towecl. The last method is advisable oidy where the pipe is 
made watertight either l)y close riveting or dipping in asphaltic compound. When 
towing, the ends are closed l)y bolting down the covers of the gates or, if the gates 
are not su])plied, by tying canvas heads to the ends of the pipe. 

Installing the Pipe 

For details of installing pipe, especially on soft ground, see Chapter 52, page 
435. The use of granular materials or stable soils under the pipe cannot be 
over-emphasized. When open granular materials are used for bedding, the ends 
of the structure should be sealed against seepage of water by using well tamped 
claj' or some type of lieadwall or cut-off. Also, if there is any choice, the best 
materials should be used in filling around the pipe. 

When installing injies in battery, care should be taken to see that they are far 
enough apart so that trash entering one pipe, or floating against the levee, cannot 
loop itself between the culverts. This would form an obsti’uction to flow into both 
pipes affected. To avoid this condition, pipes should be placed with their centers 
at least 1 diameters apart. 

It should be noted that the satisfactory working of flap gates requires that they 
be placed vertically—that is, if the pipe slopes downward where the gate is at¬ 
tached, the shutter will not close tightly, and-if it slopes upward it will not open 
until more water has accumulated behind it than would otherwise be necessary. 
If any deviation is made from vertical, it should be with the bottom of the seating 
surface slightly forward fi-om the top surface. 
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FLAP GATE DRAINAGE STRUCTURES 

Protection of Gates 

Pipes with flap gates should be plaeed as deeply as possible in the levees. If 
it is possible to place them so that at low tide level the gates are entirely sub¬ 
merged, it should be done. Keeping the gates submerged greatly |)rf)tects them 
from weathering and also keeps the trash that floiits on the surface of the water 
from entering. Sometimes this cannot be done on account of silt conditions, but 
in all cases the gates should be low enough so that at extremely low tide the water 
is not lower than the bottom of the pipe. 

By placing the gates deeply in the water, as mentioned abo\’e, they are pro¬ 
tected from the greater part of the floating debris and wjive action. Additional 
])rotection, such as anchored floating logs, or screens should l)e provided in front 
of drainage gates to guard against floating del)ris and to ])rotect tluan from being 
broken by heavy pieces of timber, or barges flojiting against tluan. 

When installing gates, one must be very careful to see that the outlet ends are 
]daced so as not to become silted up due to their discJiarging in very shallow water 







Fig. 362. Flap gate 
(Model 102) on 42'in. 
culvert through a dike 
at Sackville, New 
Brunswick. The gate, 
propped open for in¬ 
spection, is protected 
by a recessed metal 
headwall. 
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or into a channel where there is not enough velocity to carry off the silt. When¬ 
ever possible, it is best to install the gates and pipes with their outlets discharging 
in ditches or deep canals. By keeping the levees well out near the deep water 
or so that at low tide there is not an accumulation of mud at the outlet side of 
the gates, the gates can be kept always free from silt. When the dredger is borrow¬ 
ing earth to build levees, it should always take from the outside or tidal side 
rather than from the side to be drained. 

When the gates are subject to wave action, such as when they discharge into 
a wide bay or into the ocean, a pile or concrete seawall should be built in front of 
the gate and high enough to protect it from wave action and floating debris. 

Protection may also be given to a gate by recessing it in a timber and metal 
head wall as shown in Fig. 362. 

Where Headwall Is Necessary 

Head walls are necessary where the earth is very soft and likely to wash, and 
where there is considerable current in the canal where the pipe and gate are in¬ 
stalled. Wlien headwalls are to be used they should not be installed at the time 
the gate is put in, but rather about six months later. The levee in the meantime 
will have been given a chance to shrink and the pipes to settle and become more 
firmly lodged. 

Headwalls in soft material should not be made of concrete unless the headwall 
is supported on a well designed pile foundation. The reason is that as the weight 
of the concrete headwall will tend to bear on the pipe near the gate due to the 
slow sinking of the soft material surrounding such an installation, preventing the 
gate from seating properly. A steel sheeting or concrete headwall extending half¬ 
way up on the pipe is recommended where needed. 

Fig. 363 shows a type of end protection which can be used when the ground 
is a little softer than that described above—not dense enough to support the 



Fig. 363. Timber headwall for soft ground. 
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drainage structure without the aid of some sort of headwall. A long sill ‘‘A” is 
placed directly under the ring of the gate behind the flange. Another piece similar 
to “A is used as a header at the top as “B”. These two timber’s are tied together 
and clamped to the gate by means of threaded rods and nuts “D’’. Then tire 
whole structure is planked at the back by means of planks “C”. This type of 
headwall forms a good protection to the levee on both sides of the gate, and also 
a cei’tain amount of buoyancy to help support the added weight of the cast iron 
ring and cover. It is good practice to install such a headwall with all gates and 
corrugated pipes, disregarding the conditions of the soil. A headwall of tins kind 
is far better than concrete because of its light weight and its tendeiK\v to buoy uj) 
the gate rather than to pull it down. 

A modified form of this headwall for soft, mushy soils is shown in Fig. 364. 

Multiple Pipes 

Regarding the use of a few large diameter structures rather than two or more 
smaller ones, it should l)e remembered that in places wlicre the soil is exceedingly 
wet and like quicksand, a concentration of a large volume of water in one spot is 
likely to cause undercutting beneath the gate structure. Rather than concentrate 
this water in one place, it would be better to spread it along the length of the 
levee and discharge it at intervals of say from 50 to U)() ft, through smaller struc¬ 
tures. Where the head of water is great enough to fill a large diameter pipe (48 
to 96 in.), it would be great enough to undermine the soft strata directly under 
the gate structures. 

Rather than (;on(;entrate a large volume of water of this kind against one gate 
and attempt to have that gate function under a head high enough to fill the pipe 
in cases where the ground is very soft, it may be l)etter to install several gates 
of somewhat larger diametci* than would be necessai’y foi’ capacity alone, and by 
so doing cut down the velocity of the discharging water. 



Fig. 364, For soft, mushy soils, greater support is provided by this timber headwall. 




Fig. 365. Vehicular underpass of Armco liner plate tunneled through a 35-ft rock fill in southern 
Kentucky. 
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PART ONE 

Conversion Tables 


TABLE 65-1 LENGTH 


Ordinary Units 

1 fool = 12 iiichos 
1 yard =;} ft*ot 
1 mill* =52X0 f(H‘t 
1 nautical mi. = 1.151(1 statute ini. 

1 ol latitude at th(‘<*(juat(»r = (>!). 10 statute mi. 

= ()0 nautical mi. 

I acr(‘= 2()S.71 ft. on one .side of scjuare 


Otd Surveyors’ Units 

I link =7.02 inches 
1 rod =25 links =l(».5fl. 

I chain = 1(X) links = 00 ft. 

1 mile =;12() nnls =8 furloiiRs 

Metric Units 

10 millimeters (mm.) = I centim(*ter (cm.) 
10 cm. = 1 decimeter (dm.) 

10 dm. = 1 meter (m.) 

1(K)0 III. = 1 kilometer (about mi.) (km.) 

Equivalents 

1 inch =2.5400 centimeters 

1 fool =0.3048 meters 

1 statute mi. =1.(50935 kilometers 
1 nautical mi. = 1.853 kilometers 
1 c(*i \ I im(‘t er = 0.39370 inches 
1 meter =3.28 feet 
1 kilometer =3280.83 feet =0.02137 mile 
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TABLE 65-2 AREA 


Ordinary Units 

1 sijuaro foot —144 square inches 
1 s(juiire yard =9 s(|. ft. 

= 1296 sq. in. 

1 acr(‘ =411,500 sq. ft. 

= 4840 sq. yds. 

1 sq. mile =27,878,4()0 s(|. ft. 

= .‘1,097,000 scj. yds. 

= 040 acres 

= 1 section of land (T.S.) 


Equivainnts 


1 scjuare centime1(‘r 
1 square meter 

1 hectare 

1 s(iuare kilometer 
1 s<iuare incli 
1 s(|uare foot 
1 sijuare yard 
1 acre 

1 s(iuarc mile 


= 0.155 square inch 
= 10.70 s(|UJire feet 
= 1 .H)0 s(juare yards 
= 2.17 acres 
= 0..‘}80 s(iuar(‘ mile 
= (».45 .s(juar<‘ centimeters 
= 0.0929 sfjuare meter 
= 0.830 s(juare ni(*t(*r 
= 0.405 hectare 
= 2.59 s(iuure kilom(‘t(‘rs 


TABLE 65-3 VOLUME AND CAPACITY 
Ordinary Units 

1 cu. ft. of water at :i9.r F. =02.425 lb. 

1 Vnitcnl Slate.s j^allon =231 cu. in. 

1 inqieMal gallon =277.274 cu. in. 

1 cubic inch oi water =0.004329 II. S. gallon 

= 0.(K)3()07 imperial gallon 
= 0.03()120 pound 
1 cubic foot of W'ater= 1728 cu. in. 

= 7.480511) U. S. gallons 
= (i.232103 imperial gallons 
= (>2.4250 pounds 

1 cubic yard =27 cu. ft. =40,050 cu. in. 

1 ])int =4 gills 

1 (luart =2 pints 

1 gallon =4 quarts 

1 l\ S. gallon =231 cu. in. 

=0.133081 cu. ft. 

= 0.08il311 im]ierial gallon 
= 8.315 lb. 

1 barrel =31.5 gallons = 4.21 cu. ft. 

1 U. S. bushel = 1.2445 cu. ft. 

1 fluid ounce = 1.8047 cu. in. 

I acre foot = 43,500 cu. ft. 

= 1,013.3 cu. yds. 

1 acre inch =3,030 cu. ft. 



CONVERSION TABLES 


493 


Ordinary Unif$ (Coniinuad) 

1 million U. S. j!;ailons = cu. ft. 

= 3.(Ki89 acn*-ft. 

1 ft. cl(‘plh on 1 Htp mi.=27,S7S,4(K) t-u. ft. 

= 040 arro-ft. 

1 inch (lei)th on 1 s(j. mi. =2,323.2(K) cu. ft. 

= 53.333 acrc-fi. 

Metric Units (liquid capacity) 

1 centiliter (cl.) =^10 milliliter^ (ml.) 
i deciliter (dl.) = 10 centiliter's 

1 liter (1.) = 10 decilitiTs (about 1 (jiniit) 

1 dekaliter (dkl.) = 10 liters 
1 hectoliter (hi.) =-10 dekaliters 
1 kilolit(*r = 10 h(“ctoliters 

Equivalents 

1 cu. in. =1(5.387 cu. cm. 

1 cu. ft. =0.0283 cu. m. 

1 cu. yd. =0.7(55 cu m. 

1 cu. cm. = 0.0(510 cu. in. 

1 cu. m. =35.3 cu. ft. 

= 1.308 cu. vds. 

1 liter =()1 023378 cu. in. 

= 0.035314 cu. ft. 

= 0.2(51170 U. S. liquid j?allon 
= 0.2201 imf)erial ji;alion 
1 milliliter =0.0338 li<iuid ounce 
1 r. S. Ii(iuid ounc(‘= 20.57 inillilittM’s 
1 r. S. litjuid ((uart =0.01(5 liter 
1 r. S. lifjuid gallon =3.785 liters 


TABLE 65-4 WEIGHT 

Ordinary Units 

1 pound =1(5 ounc<*s (avoirdupois) 

1 ton =2(M)() lb. 

1 long (on =2210 lb. 

1 lb. of water (30.1 F.) =27.(581217 cu. in. 

= 0.01(5010 cu. ft. 

= 0.110832 r. S. gallon 
= 0.000833 imperial gallon 
=0.453(517 liter 

Metric Units 

1 centigram (eg.) =10 milligram.s (mg.) 

1 decigram (dg.) = 10 centigrams 

1 gram (g.) = 10 decigrams (about 15 grains) 

1 dekagram (dkg.) = 10 grams 
1 heclogram (hg.) = 10 dekagrams 
1 kilogram (kg.) = 10 hectograms 

1 metric ton = 1000 kilograms 
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TABLE 65-4 WEIGHT (Continued) 


Equivahnts 

J grain =15.43 grains 

=0.0353 avoirdupois ouin^e 
1 kilogram = 2.205 avoirdupois pounds 

I mcdric ton = 0.984 gross or long ton 

= 1.102 not or short tons 
1 avoirdupois ounce =28.35 grams 
1 avoirdupois pound = 0.4536 kilogram 


TABLE 65-5 PRESSURE 

Comparison of Heads of Water in Feet with Pressures in Various Units 

Oik* foot of water at 39. T F. =62.425 pounds per sipiare fool 
= 0.4335 pounds per square inch 
= 0.0295 atmosphere 
= 0.8826 inch of mercury at 30' F. 

= 773.3 feet of air at 32“ F. and atmospheric 
prc^ssure 

OiKi pound on the square foot, at 39.1" F. =0.01602 foot of watt^r 
One pound on the a(iuare inch, at 39.1" F. =2.307 feet of wal(‘r 
OiK* atmosph(‘re of 29.922 inches of menniry = 33.9 f(‘ot of water 
One inch of mercury at 32" F. = 1.133 feet of water 
One foot of air at 32' F. and 1 at mosphere =0.001293 foot of water 
One foot of average sea. water = 1.026 feet of pure water 
One foot of water at 62" F. =62.355 pounds per sijuare foot 
=0.43302 pound per scpiare inch 

One inch of water at 62" F. =0.5774 ounce = 0.036085 pound i)(‘r siiuai e inch 
One |)()und of water on the square inch at 62" F. =2.3094 feet of water 
One ounce of water on the scjuare inch at 62' F. = 1.732 inches of water 
1 atmosphere at sea level (32" F.) = 14.697 lbs. per sq. in. 

= 29.921 in. of mercury 

1 inch of mercury (32" F.) =0.49119 lb. per s(j. in. 


TABLE 65-6 FLOWING WATER 

(\ F. S. = cubic feet per second, or second feet 
O. P. M. = gallons per minute 
1 O. F. S. =60 cu. ft, per min. 

= 86,400 cu. ft. per 24 hrs. 

= 448.83 U. S. gals, per min. 

= 646,317 U. S. gals, per 24 hrs. 

= 1.9835 acre-foot per 24 hrs. (usually taken as 2) 

= 1 acre-inch per hour (appro.ximate) 

= .028317 cu. meters per second 
= 2446.59 cu. meters per day 

= 50 Miners inches, Idaho, Kan., Xeb., New Mex., N. Dak., 
S. Dak. 
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1 C. F. S, =40 Miners inches, Ariz., Calif., Mont., and Ori'Ron 
= ‘^SA Miners inches, Colorado 
= 36 Miners inches, British Columbia 
1 inch depth per hour =645.33 C. F. S. per sq. mi. 

1 inch depth per day =26.880 C. F. S. per sq. mi. 

1 {i( re-inch per hour =1.008it C. F. S. (usually taken as unity) 
1 U. S. O. F. M. = 1440 II. S. gals, per 24 hrs. 

= 0.00442 acr(?-feet per 24 hr.s. 

= 0.0891 Miners inches, .\riz., Calif. 

1 million U. S. gal. per day = 1.5472 C. F. S. 

= 3.07 acr(‘-fci*l 
= 2.629 cu. inct»‘rs per min. 


TABLE 65-7 MISCELLANEOUS 

T»mp0ratur€ 

Fre(‘zing point of water = 32‘ Fahrenlu‘it 
= 0 Centigradv 

Boiling point of water (at normal air press\ii‘t‘) = 212 Fahn'nheit 

« UK)' C(^ntigr{uie 

1 d(^gre(* Fahrenheit =0.5556 degren* (Centigrade) 

1 dt'grcM' C’entigrade= 1.8 degrees Fahrenheit 

Circular Maasura 

1 minute (') =60 seconds (*") 

1 degree ( ) =60 minutes 

1 right angle =90 degrees 
J circumference = 360 degrees 

Timm Mmasurm 

1 minute =60 seconds 
1 hour =60 minutes = 360f) .seconds 
1 day = 24 hours = 1440 minutes 
1 w(?ek =7 days 

1 year =365 days, 5 hr., 48 min., 48 sec. 

Ice and Snow 

(From Clark.) 1 cubic foot of ice at 32 F. wi'ighs 57.50 pounds; 1 pound of 
ic(* at 32 F. has ji volume of 0.0174 cubic H»ot =30.067 cul)i<* inches. 

Helalive volume of ice to water at 32 F., 1.0855, tlu* expati.sion in passing 
into th(‘ solid state btang 8.55 per cent.. Spe<atic, gravity of ice =0.922, water 
at 62 F. b(‘ing 1. 

At high pre.s.sures the melting-point of i(te is low(‘r than 32' F., being at t he 
rate of 0.0133 F. for each ad<litional atmosphere of [)re.s.sure. 

Specific heat of ice is 0.504, that of water being 1. 

1 cubic foot of fresh .snow, actcording to humidity of atmosphere, weighs 5 
pounds to 12 {)ounds. 1 cubic foot of snow moistened and (^impacted by 
rain w(4ghs 15 pounds to 50 pounds (Trautwine). 
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TABLE 65-8 CONVERSION OF MINUTES 
INTO DECIMALS OF A DEGREE 


1 00 

.00833 

.01007 

30 

2 00 

.02500 

.03333 

30 

3 00 

.04107 

.05000 

30 

4 00 

.05833 

.00007 

30 

5 00 

.07500 

.08333 

30 

0 00 

.09107 
.10000 

30 

7 00 

.10833 
.11007 

30 

8 00 

.12500 
. 13333 

30 

9 00 

.14107 
.15000 

30 

10 00 

.15833 
.10007 

10 30 

11 00 

.17500 
.18333 

30 

12 00 

.19107 

.20000 

30 

13 00 

.20833 
.2101)7 

30 

14 00 

.22500 
.23333 

30 

15 00 

.24107 
.25000 

30 

10 00 

.25833 
.20007 

30 

17 00 

. 2750(J 
.28333 

30 

18 00 

.29107 

.30000 

30 

19 00 

.30833 
.31007 

30 

20 00 

.32500 
.33333 


20'30'' 

21 00 

.34107 

.35000 

30 

22 00 

.35833 

.30007 

30 

23 00 

.37500 

.38333 

30 

24 00 

.39107 

.40000 

30 

25 00 

.40833 

.41007 

30 

20 00 

.42500 
.43333 

30 

27 00 

.44107 

.45000 

30 

28 00 

.45833 

.40007 

30 

29 00 

.47500 

.48333 

30 

30 00 

.49107 

.50000 

30 30 

31 00 

.50833 

.51007 

30 

32 00 

.52500 
.53333 

30 

33 00 

.54107 
.55000 

30 

34 00 

.55833 
.50007 

30 

35 00 

.57500 

.58333 

30 

30 00 

.59107 

.00000 

30 

37 00 

.00833 

.01007 

30 

38 00 

.02500 
.03333 

30 

39 00 

.04107 
.05000 

30 

40 00 

.05833 
.00007 


40'30" 

41 00 

.07500 
.08333 

30 

42 00 

.09107 

.70000 

30 

43 00 

.70833 
.71007 

30 

44 00 

.72500 

.73333 

30 

45 00 

.74107 
.75000 

30 

40 00 

.75833 

.70007 

30 

47 00 

.77500 
.78333 

30 

48 00 

.79107 

.80000 

30 

49 00 

.80833 
.81007 

30 

50 00 

.82500 

.83333 

50 30 

51 00 

.84107 
.85000 

30 

52 00 

.858.33 
.80007 

30 

53 00 

.87500 

.88333 

30 

54 00 

.89107 
.90000 

30 

55 00 

.90833 

.91007 

30 

50 00 

.92500 
.93333 

30 

57 00 

.94107 
.95000 

30 

58 00 

.95833 
.90007 

30 

59 00 

.97500 

.98333 

30 

00 00 

.99107 
1.00000 
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TABLE 65-9 INCHES AND FRACTIONS EXPRESSED IN DECIMALS OF A FOOT 


Fractiona of Inches 




H 

>4 



■* s 



0 

. oooo 

.0104 

. 0208 

.0313 

.0417 

.0521 

.0025 

. 0729 

1 

.0833 

.0937 

. 1042 

.1140 

. 12.50 

. 1354 

. 1458 

. 1502 

2 

. 1607 

.1771 

. 1875 

. 1979 

. 2083 

. 2188 

2292 

. 2390 

3 

.2500 

. 2004 

. 2708 

.2813 

.2917 

.3021 

.3125 

. 3229 

4 

.3333 

.3437 

.3542 

.3040 

.3750 

.3854 

. 3958 

.4002 

5 

.4107 

.4271 

.4375 

.447.) 

.4583 

.4r»S8 

.4792 

. 1890 

6 

.5000 

.5104 

.5208 

.5313 

.5417 

.5521 

. 5025 

.5729 

7 

.5833 

.5937 

.0042 

.0140 

. 0250 

.0351 

. 0458 

.0502 

8 

.0007 

.0771 

. 0S75 

. 0979 

. 7083 

.7188 1 

. 7292 

. 7390 

9 

.7500 

. 7004 

. 770S 

.7813 

.7917 

.81)21 

.8125 

. 8229 

10 

.8333 

. 8437 

.8542 

. 8040 

. 8750 

.8854 

. 8958 

.9002 

11 

.9107 

.9271 

. 9375 

. 9479 

. 9583 

.9088 

. 9792 

1 .9890 

12 

1.0000 







1. 



1 
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From King’s “Handhook of H.\ draulk‘s.” 


TABLE 65-10 SLOPE IN INCHES REDUCED TO FEET 
(For Use with Formulas) 


In. per 

Ft per 

Ft per 

/)). per 

Ft per j 

Ft /ter 

UK) Ft 

100 Ft 

Mile 

intt Ft 

IDO Ft 

Mite 


. 0208 

1.098 


.5208 

27.498 


.0417 

2.202 

I 

. 5117 1 

28.002 

H 

. 0025 

3.300 

■■'i 

.5025 

29.700 

1 

. 0833 

4.398 

7 

. 5833 

30.798 

H 

. 1042 

5.502 

>4 

.0042 

31.902 

H 

. 1250 

0.000 

» 2 

.0250 

33.000 

% 

. 1458 

7.098 


. 0458 

34.098 

2 

. 1007 

8.802 

8 

.0007 

35.202 

M 

.1875 

9.900 

>4 

. 0875 

30.300 

Vz 

. 2083 

10.998 

H 

.7083 

37.398 

H 

2292 

12.102 


7292 

38 502 

3 

. 2500 

13 200 

9 

. 7500 

39.000 

li 

.2708 

14.298 

H 

.7708 

40.098 

V2 

.2917 

15.402 

H 

.7917 

41.802 

% 

.3125 

10.500 


.8125 

42.900 

4 

. 3333 

17.598 

10 

. 8333 

43.998 

H 

.3542 

i 18.702 

U 

.8542 

45.102 


.3750 

; 19.800 

14 

.8750 

40.200 

% 

. 3958 

1 20.898 

H 

.8958 

47.298 

5 

.4107 

1 22.002 

11 

.910,7 

48.402 

H 

.4375 

i 23.100 

H 

.9375 

49.500 

^2 

.4.583 

24.198 

14 

.9583 

50.598 

% 

.4792 

25.302 j 

H 

. 9792 

51.702 

0 

. 5000 

20.400 

12 

1.0000 

52.800 
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PART TWO 

General Tables 


TABLE 65-11 AREAS OF PLANE FIGURES* 


Trian^lo: 


TrM|)(‘ziuin: 
Trapezoid: 
I'aralleloKram: 
ILegiilar Polygon: 
(Mrcle: 

Sector of Cinde: 
Segment of Circle: 


Base X P 2 perpendicular height 
V s (s — a) (s — b) (s — c) 

s == 32 of the three sides a, b and r 
Sum of arejis of th(‘ two triangles 
3^2 sum of parallel sides X perixaidicular h(*ight 
Iias(* X p(;r]iendicular hcdglit 
3 2 sum of sides X inside radius 

=0.78540 X dia.^ =0.07958 X circumference''^ 

irV^ A ^ 

— -=0.(K)872()6 r2.4'" = arc X 32 

.S()0 


/ T . . „ \ 

( — ^ -“sm A ) 

V 180 / 


Circle of same are\a as square: diamet(‘r = sid(‘ X 1.12888 
Scpiare of same ar(‘a as circle: side* = diameter X ().88r)28 
l^llil)se: Long diameter X short diamet(‘r X 0.78540 

l’aral)ola: Base X % perpendicular height 


Iriegular Plane Surface: 



Divitle any plane surfa«‘e .4, li, V, I), along a line <i-6 into an even number, a, of parallel 

and suliiciently small strips, d, whose ordinates are h\, hn, hi, hb ./oi -i, /o., 

/<nM» iuid consid(*ring contours between three ordinates as parabolic curves, then for s(*c- 
t ion A lid), 

Area=!| //,+.//„Hf4(/ej+.// 4 +^/r.. . . ,-2(/c,. .>,,- 1 ) J 

___ or, aiJproximately, Area=8um of ordinates X width, d. 

♦From Carnejiic’s ‘VPocket ('oinpanion.” 
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TABLE 65-12 NATURAL TRIGONOMETRIC FUNCTIONS 


A ngie 

Sin. 

Cosec. 

Tan. 

Cotan. 

Sec. 

Cos. 


0° 

0.000 


O.(XK) 


1 (K)0 




0.017 

57.50 

0.017 

57.29 

1.000 

1.0(H) 


2° 

0.035 

28.05 

0.055 

28.04 

l.OOl 

0.999 

88° 


0.052 

19.11 

0.052 

19.08 

l.OOl 

0.999 

87° 

4° 

0.070 

14.54 

0.070 

14.50 

1.002 

0.998 

80° 

r>° 

0.087 

11.47 

0.087 

11.45 

1.004 

0.990 

85'- 


0. 105 

9.507 

0.105 

9.514 

1 .000 

0 995 

84° 

1 

0.122 

8.20<i 

0. 125 

8.144 

1.008 

0.995 

8.5° 


0.159 

7.185 

0.141 

7.115 

1.010 

0.990 

.S‘>° 


0. 150 

0.592 

0.158 

0.514 

1 012 

0.988 

81° 

lO"- 

0.174 

5.7 59 

0.170 

5.071 

1.015 

0.985 

80° 

ir 

0. 191 

5.241 

0 194 

5. 145 

1.019 

0.982 

79° 

12^ 

0.208 

4.810 

0.215 

4 705 

1.022 

0.978 

78° 

i;r 

0.225 

4.445 

0.251 

4 551 

1.020 

0.974 

77° 

1-4° 

0.242 

4. 154 

0 249 

4.01 1 

1.051 

0.970 

70° 

15° 

0.259 

5.804 

0.208 

5.752 

1 055 

0.900 

75° 

U)° 

0.270 

5.028 

0.287 

5.487 

1.040 

0.901 

74° 

17° 

0.292 

5.420 

0.500 

5 271 

1 .040 

0.950 

75° 

1S° 

0.509 

5.250 

0.525 

5.078 

1.051 

0 951 

72° 

1U° 

0 520 

5.072 

0 544 

2.904 

1.058 

0.940 

71° 

20° 

0.542 

2.924 

0.:i04 

2.747 

1.004 

0 940 

70° 

21° 

0.558 

2.790 

0.584 

2.005 

1.071 

0 954 

09° 

22° 

0.575 

2.009 

0 404 

2 475 

1.079 

0.927 

08° 

2.‘4° 

0.591 

2.559 

0 424 

2 550 

1.080 

0 i)21 

07° 

24° 

0.407 

2.459 i 

! 

0.445 

2 240 

1.095 

0.914 

00° 

25° 

! 0.425 

2.500 i 

0.400 

2.145 1 

1.105 i 

1 0.900 

05° 

20° 

0 458 

2.281 i 

0.488 1 

2.050 

1.115 

0 899 

04° 

27° 

0.454 

! 2.205 ; 

0.510 I 

1 .9(i5 j 

1,122 1 

0.891 

05° 

28° 

0.409 

1 2.150 i 

0.552 

1.881 

: 1.155 

0.885 

02° 

29° 

0.485 

2.005 ; 

0.554 ! 

1.804 1 

1,145 

0.875 

01° 

50° 

0.500 ! 

2.000 ' 

0.577 i 

1.752 i 

' 1.155 

0.800 

00° 

51° 

0.515 

1.942 

0.001 1 

1.004 i 

i 1.107 

! 0.857 

59" 

52° 

0.550 

1.887 

0.025 1 

1.000 i 

1 , 179 

0.848 

58° 

55° 

' 0.545 i 

1.850 

i 0.049 i 

1.540 i 

1.192 

' 0.859 

57° 

54° 

0.559 i 

1 .788 

0.075 I 

1.485 i 

1.200 

0.829 

50° 

55° 

0 574 i 

1.745 

0.700 ! 

1.428 I 

1 221 i 

0.819 

55° 

50° 

0.588 

1.701 

0.727 ; 

1 .570 ! 

1.250 i 

0.809 

54° 

57° 

0.002 1 

1.002 

0.754 

1.527 ; 

1.252 j 

0.799 

55° 

58° 

0.010 1 

1.024 

0.781 

1.280 ! 

1.209 

0.788 

52° 

59° 

0.029 

1.589 

0.810 

1.255 j 

1.287 

0.777 

1 51° 

40° 

0.045 

1.550 

0.859 I 

1.192 

1 .505 

0.700 

50° 

41° 

0.050 

1.524 

0.809 1 

1.150 

1.525 

0.755 

49° 

42° 

0.009 

1.494 

0.9(X) 1 

1.111 

1 .540 

0.743 

48° 

43° 

0.082 

1.400 

0.953 

1.072 

1.507 

0.731 

47° 

44° 

0.095 

1.440 

0.900 j 

1.050 

1.590 

0.719 

46° 

45° 

0.707 

1.414 

1.000 

1.000 

1 

1.414 

0.707 

45° 


i 

Co8. 1 

Sec. 1 

Cotan. 1 

Tan. 1 

Cosec. 

Sin. 

Angle 
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TABLE 65-13 TRIGONOMETRIC FORMULAS* 

IJswlins, 1 =.'^in2 .4 



('jii rjoKio’.s “ Pockot 
r(jmi)iiiuon.’’ 


Sine 
(Visino 
Tangent. 
(V>l.aii>4<nit 
Soranf 

(’osccunt 


=sin .4 (rosec A =eos A sec A =tan A cot A 
cos A 1 




cot A cosec A 


= cos4 tan/1 =\/1—(;oH-yl 


A "I c= ----- =,sinAcotA =\/l—sin‘’^4 

tan A set; A 


/I = 

A 

A 

A - 


sin A 
cos A 
cf>s A 
sin A 
tan .4 


1 


cot, A 

1 

tan A 

_ _^ 1 

sin ,*4 cos A 

cot A 1 

cos A sin .-I 


= sin A sec A 
= cos A cosec A 


TABLE 65-14 DECIMALS OF AN INCH FOR EACH 1/64TH 


njiuds 


Dcrifndl 

F radion 

32mLs 


Decimal 

Fraction 


1 

,01.5025 



44 

.51.5025 


1 

2 

.04125 


17 

41 

..54125 



.4 

.040S75 



45 

..540875 


2 

4 

.0025 

Jl« 

18 

40 

. .5025 



. 5 

.078125 



47 

. .57812.5 


W 

(•) 

.00475 


10 

48 

. .50475 



7 

.100475 



40 

.000475 


4 

S 

. 125 


20 

40 

. 025 

% 


0 

.140025 



41 

.040025 


5 

10 

.15025 


21 

42 

.05025 



11 

.171875 



44 

.071875 


() 

12 

. 1875 

=‘ir, 

22 

44 

. 087.5 

’' ifi 


1.4 

.204125 



45 

.704125 


7 

14 

.21875 


24 

40 

.71875 



1.5 

.244475 



47 

.734375 


S 

10 

• 

H 

24 

48 

.75 

H 


17 

.205025 



40 

.705025 


\) 

IS 

.28125 


25 

.50 

.78125 



10 

.200875 



51 

.700875 


10 

20 

.4125 


20 

52 

.8125 

’ho 


21 

.328125 



53 

.828125 


11 

22 

.44475 


27 

54 

.84375 



24 

.450475 



5.5 

.850375 


12 

24 

.475 

H 

28 

50 

.875 

% 


25 

.300025 



57 

.800025 


1.4 

20 

.40025 


20 

58 

.00025 



27 

.421875 



50 

.021875 


11 

2S 

.4475 

’ifi 

30 

00 

.0375 

’ho 


29 

.4.54125 



01 

.953125 


15 

40 

.40875 


31 

02 

.90875 



41 

j .484475 



03 

.084375 


If) 

42 

' .5 

^2 

42 

04 

1.000000 
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TABLE 65-15 PROPERTIES OP THE CIRCLE* 

Circumfereiipo of Circle of Dia. 1 =?r-3.14159265 

Circumference of Circle = 2 jrr 

Dia. of Circle = Circumference X 0.31831 

Diameter of Circle of e(]ual periphery as square = side X 1.27324 
Side of Sejuare of ecjual periphery as circle = diameter X 0.78540 
Diameter of Circle circum.scrihed about atiuare ==side X 1.41421 
Side of Sciuare inscribed in Circle * diameter X 0.70711 



Arc, a = -= 0.017453 rA° 

AiirUs a = —“ = 57.20578 - 
TT r r 

4 4 1)2 4-(.2 

Radius, r = ^ — Diameter, d = ------ 

8 b 4 h 

_ 

Chord, c= 2V2hr-lA = 2rsU\Y 

Rise, 6= r~}4V4T^-c^=^ tan -- =2rRin* j 

Rise, h= y^b-r + V?-~^^ x= V^Jr+y-h]> 

T = 3.141502(«, log=0.4971490 

* = 0.318:1099, log = 1.5028501 

TT 

ir^= 9.869G044, log =0.9942t)97 
1= 0.10i;i212, log=1.0057003 

IT* 

V~i = 1.77245:10. log=0.2485749 
ylJ- = 0.5641806, log = 1.7514251 

---= 0.0174533, log = 2.2418774 
180 

— =57.2957795, log = 1.7581226 

TT 


♦From Carnegie’s “Pocket Companion.” 
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TABLE 65-16 AREAS OF CIRCLES 


Diam¬ 

eter 

in 

Inches 

Area 

Diam¬ 

eter 

in. 

Inches 

Area 

Diarrv- 

eter 

in. 

Inches 

Area 

Square 

Inches 

Square 

Feet 

Square 

Inches 

Square 

Feet 

Square 

Inches 

Square 

Feet 

1.0 

0.7854 

.005454 

4.0 

12.5664 

.087266 

7.0 

.38.4845 

.267254 

.1 

0.9503 

.000599 

.1 

13.2025 

.091684 

.1 

39.5919 

.274944 

.2 

1.1310 

.007854 

.2 

13.8544 

.096211 

.2 

40.7150 

.282743 

.25 

1.2272 

.008522 

.25 

14.1863 

.098516 

.25 

41.2825 

.280084 

.3 

1.3273 

.009218 

.3 

14.5220 

.100847 

.3 

41.8539 

.290652 

.4 

1.5394 

.010090 

.4 

15.20.53 

.105.592 

.4 

43.0084 

.298669 

.5 

1.7071 

.012272 

.5 

15.9043 

.110446 

.5 

44.1780 

..300790 

.0 

2.0100 

.013903 

.0 

10.6190 

.115410 

.6 

45..3046 

.31.5032 

.7 

2.2098 

.015703 

.7 

17.3494 

.120482 

.7 

40.5003 

.32.3,377 

.75 

2.40.'i3 

.010703 

.75 

17.7205 

.123059 

.75 

47.1730 

.327,590 

.8 

2.5447 

.017071 

.8 

18.09.56 

.125004 

.8 

47.7830 

.331831 

.9 

2.8353 

.019089 

.9 

18.8574 

. 1309.54 

.9 

49.0107 

.340394 

2.0 

3.1410 

.021810 

5.0 

19.0350 

.136354 

8.0 

50.20.55 

.349066 

. 1 

3.4030 

.024053 

, 1 

20.4282 

.141803 

.1 

51.5300 

.3.57847 

.2 

3.8013 

.020398 

.2 

21.2,372 

.147480 

.2 

52.8102 

.306737 

.25 

3.9701 

.027012 

.25 

21.0475 

. 1503.30 

.25 

53.4562 

.371223 

.3 

4.1548 

.028852 

.3 

22.0018 

.153207 

.3 

54.1001 

.375730 

.4 

4.5239 

.031410 

.4 

22.9022 

.159043 

.4 

.55.4177 

.384845 

.5 

4.9087 

.034088 

.5 

23.7,583 

.104988 

.5 

56.7450 

..394003 

.0 

6.3093 

.030870 

.0 

24.0301 

.171042 

.0 

68.0880 

.40,3389 

.7 

5.7250 

.039700 

. 7 

25. f) 170 

.177205 

. 7 

.59.4408 

.412825 

.75 

5.9390 

.041247 

.75 

25.9072 

.180328 

.75 

00.1320 

.417.584 

.8 

0.1575 

.042700 

.8 

20.4208 

.183477 

.8 

00.8212 

.422370 

.9 

0.0052 

.045809 

.9 

27.3397 

. 1.898.59 

.9 

02.2114 

.432024 

3.0 

7.008() 

.049087 

0.0 

28.2743 

.190350 

9.0 

63.0173 

.44178r> 

.1 

7.5477 

.0.52414 

.1 

29.2247 

.202949 

. 1 

65.0388 

.4510.58 

.2 

8.0425 

.0,55851 

.2 

30.1907 

.209058 

2 

06.4701 

.401040 

. 25 

8.2958 

.0.57009 

.25 

30.0790 

.2130.53 

.25 

67.2000 

.460(>71 

.3 

8.5530 

.059390 

.3 

31.1725 

.210475 

.3 

07.9291 

.471730 

.4 

9.0792 

.003().50 

.4 

32.1099 

.223402 

.4 

09..3978 

.481929 

.5 

9.0211 

.000813 

.5 

33.1,831 

.230438 

.5 

70.8822 

.492237 

.0 

10.1788 

.070080 

.0 

34.2119 

.237,583 

.() 

72.3823 

. 5020,54 

. 7 

10.7521 

.074007 

.7 

35.2505 

.244837 

7 

73.8981 

.513181 

.75 

11.0447 

.070099 

.75 

35.7847 

.248.505 

. 7.5 

74.0019 

.518480 

.8 

11.3411 

.0787,58 

.8 

30.3168 

.2,52200 

.8 

75.4296 

..523817 

.9 

11.9459 

.082958 

.9 

37..3928 

.259072 

.9 

70.9709 

.534.501 


The above table ma,\- l3e used for finding the areas of eir(;les wliose diameters are not within 
the limits of tlie table. Since the areas vary as the squares of their diameters, the given diameter 
may lye divided (or multiplied) by 10, and the area found from the table under the resulting 
tliamoter corrected by moving the decimal point two places to the right (or left). Thus to find 
tlie area of a 22-inch circle: 

From table, area of 2.2-inch circle—3.8013 sq. in.—.020398 sq. ft. 

Therefore area of 22-inch circle—380.13 sq. in.—2.04 sq. ft. 

Again, to find the area of a 0.75-inch circle: 

From table, area of 7.5-inch circle—44.1786 sq. in.^—0.300790 sq. ft. 

Therefore area of 0.75-inch circle—0.4418 sq. in.—0.00307 sq. ft. 

It will also be apparent that the first two columns in the table may be used for any unit of 
measure. 
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TABLE 65-17 FUNCTIONS OF NUMBERS 1 TO 99 


No. 

Square 

Cube 

Square 

Root 

Cubic 

Root 

Loga¬ 

rithm 

KKH) 

X 

Reciprocal 

No. ^Diameter 

Circum. 

.4rm 

1 

1 

1 

1.0000 

1.0000 

0.00000 

1000.000 

3.142 

0.7854 

2 

4 

8 

1.4142 

1.2599 

0.30103 

500.000 

6.283 

3.1416 

3 

9 

27 

1.7321 

1.4422 

0.47712 

333.333 

9.425 

7.0086 

4 

16 

64 

2.0000 

1.5874 

0.60206 

250.000 

12.506 

12.5664 

5 

25 

125 

2.2361 

1.7100 

0.69897 

200.000 

15.708 

19.6350 

6 

36 

216 

2.4495 

1 1.8171 

0.77815 

166.667 

18.850 

28.2743 

7 1 

49 

343 

2.6458 

1.9129 

0.84510 

142.857 

21.991 

38.4845 


64 

512 

2.8284 

2.00()0 

0.90309 

125.000 

25.133 

50.2055 

9 

81 

729 

3.0000 

i 2.0801 

0 95424 

111.111 

28.274 

63.6173 

10 

100 

1000 

3.1623 

2.1544 

l.OOOOO 

100.000 

31.416 

78.5398 

ll 

121 

1331 

3.3166 

2.2240 

1.04139 

90.9091 

34.558 

95.0332 

12 

144 

1728 

3.4641 

2.2894 1 

1.07918 

83.3333 

37.699 

113.097 

13 

U)9 

2197 

3.6056 

2.3513 1 

1.11394 

76.9231 

40 841 

132.732 

14 

196 

2744 

3.7417 

2.4101 

1.14613 

71.4286 

43.982 

153.938 

15 

225 

3375 

3.8730 

2.4662 

1. 17()09 

06.6667 

47.124 

176.715 

If) 

256 

4096 

4.0000 

2.5198 

1.20412 i 

i 02.5000 

50.2 >5 

201.062 

17 

289 

4913 

4.1231 

2.5713 

1.23045 

58.8235 

53.407 

226.980 

18 

324 

5832 

4.2426 

2.6207 1 

1.2)527 

55.5556 

56.549 

254.469 

19 

361 

6859 

4.3589 

2.6684 i 

1.27875 

52.6316 

59.690 

2S3.529 

20 

400 

8000 

4.4721 

2.7144 

1.30103 , 

50.0000 

62.832 

314.159 

21 

441 

9261 

4.5826 

2.7589 

1 32222 

47.6190 

65.973 

346.301 

22 

484 

10648 

4.6904 

2.8020 

1.34242 

45.4545 

69.115 

380.133 

23 

529 

12167 

4.7958 

2.8439 

1.36173 

43.4783 

72 257 

415.476 

24 

576 

13824 

4.8990 

2.8845 

1.38021 

41.6607 

75.398 

452.389 

25 

625 

15625 

5.0000 

2.9240 

1.39794 

40.00()0 

78.540 

490.874 

20 

676 

17576 

5.0990 

2.9625 

1.41497 

38.4615 

81 .(>81 

530.929 

27 

729 

19683 

5.1962 

3.0000 

1.43136 

37.0370 

84.823 

572.555 

28 

784 

21952 

5.2915 

3.0366 

1.44716 

35.7143 

87.965 

615.752 

29 

841 

24389 

5.3852 

3.0723 

1.46240 

34.4828 

91.106 

660.520 

30 

900 

27000 

5.4772 

3.1072 

1.47712 

33.3333 

94.248 

706.858 

31 

961 

29791 

5.5678 

3.1414 

1.49136 

32.2581 

97.389 

754.708 

32 

1024 

32768 

5.6569 

3.1748 

1.50515 

31.2500 

100.531 

804.248 

33 

1089 

35937 

5.7446 

3.2075 

1.51851 

30.3030 

103.673 

855.299 

34 

1156 

39304 

5.8310 

3.2396 

1.53148 

29.4118 

106.814 

907.920 

35 

1225 

42875 

5.9161 

3.2711 

1.54407 

28.5714 

109.956 

9(32.113 

36 

1296 

46656 

6.0000 

3.3019 

1.55630 

27.7778 

113.097 

1017.88 

37 

1369 

50653 

6.0828 

3.3322 

1.56820 

27.0270 

116.239 

1075.21 

38 

1444 

54872 

6.1644 

3.3620 

1.57978 

26.3158 

119.381 

1134.11 

39 

1521 

59319 

6.2450 

3.3912 

1.59106 

25.(i410 

122.522 

1194.59 

40 

1600 

(>4000 

6.3246 

3.42(KJ 

l.(>()206 

25.0000 

125.06 

1250.64 

41 

1681 

68921 

6.4031 

3.4482 

1.61278 

24.3902 

128.81 

1320.25 

42 

1764 

74088 

6.4807 

3.4760 

1.62325 

23.8095 

131 95 

1385.44 

43 

1849 

79507 

6.5574 

3.5034 

1.63347 

23.2558 

135.09 

1452.20 

44 

1936 

85184 

6.6332 

3.5303 

1.64345 

22.7273 

138.23 

1520.53 

45 

2025 

91125 

6.7082 

3.5569 

1.65321 

22.2222 

141.37 

1590.43 

46 

2116 1 

97336 

6.7823 

3.5830 

1.66276 

21.7391 

144 51 

1601.90 

47 

2209 

103823 

6.8557 

3.6088 

1.67210 

21.2766 

147.65 

1734.94 

48 

2304 

110592 

6.9282 

3.6342 

1.68124 

20.8333 

150.80 

1809.50 

49 

2401 

117649 

7.0000 

3.6593 

1.69020 

20.4082 

153.94 

1885.74 
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TABLE 65-17 FUNCTIONS OF NUMBERS 1 TO 99 (Continued) 


No. 

Square 

Cube 

Square 

Root 

Cubic 

Root 

Loga¬ 

rithm 

1(X)0 

X 

Reciprocal 

No. —Diameter 

Circum. 

Area 

50 

2500 

125000 

7.0711 

3.6840 

1.69897 

20.0000 

157.08 

1963.50 

51 

2601 

132651 

7,1414 

3.7084 

1.70767 

19.6078 

160.22 

2042.82 

52 

2704 

140608 

7.2111 

3.7325 

1.71600 

19.2308 

163.36 

2123.72 

53 

2809 

148877 

7.2801 

3.7563 

1.72428 

18.8679 

166.50 

2206.18 

54 

2916 

157464 

7.3485 

3.7798 

1.73239 

18.5185 

169.65 

2290.22 

55 

3025 

166375 

7.4162 

3.8030 

1.74036 

18.1818 

172.79 

2375.83 

56 

3136 

175616 

7.4838 

3.8259 

1.74819 

17.8571 

175.93 

2463.01 

57 

3249 

185193 

7.5498 

3.8485 

1.75587 

17.5439 

179.07 

2551.76 

58 

3364 

195112 

7.6158 

3.8709 

1.76343 

17.2414 

182.21 

2642.08 

59 

3481 

205379 

7.6811 

3.8930 

1.77085 

16.9492 

185.35 

2733.97 

60 

3600 

216000 

7.7460 

3.9149 

1.77815 

16.6667 

188.50 

2827.43 

61 

3721 

226981 

7.8102 

3.9365 

1.78533 

16.3934 

191.64 

2922.47 

62 

3844 

238328 

7.8740 

3.9579 

1.79239 

16.1290 

194.78 

3019.07 

63 

3969 

250047 

7.9373 

3.9791 

1.79934 

15.8730 

197.92 

3117.25 

64 

4096 

262144 

8.0000 

4.0000 

1.80618 

15.6250 

201.06 

3216.99 

65 

4225 

274625 

8.0623 

4.0207 

1.81291 

15.3846 

204.20 

3318.31 

66 

4356 

287496 

8.1240 

4.0412 

1.81954 

15.1515 

207.35 

3421.19 

67 

4489 

300763 

8.1854 

4.0615 

1.82607 

14.9254 

210.49 

3525.65 

68 

4624 

314432 

8.2462 

4.0817 

1.83251 

14.7059 

213.63 

3631.68 

69 

4761 

328509 

8.3066 

4.1016 

1.83885 

14.4928 

216.77 

3739.28 

70 

4900 

343000 

8.3666 

4.1213 

1.84510 

14.2857 

219.91 

3848.45 

71 

5041 

357911 

8.4261 

4.1408 < 

1.85126 

14.0845 

223.05 

3959.19 

72 

5184 

373248 

8.4853 

4.1602 

1.85733 

13.8889 

226.19 

4071.50 

73 

5329 

389017 

8.5440 

4.1793 

1.86332 

13.6986 

229.34 

4185.39 

74 

5476 

405224 

8.6023 

4.1983 

1.86923 

13.5135 

232.48 

4300.84 

75 

5625 

421875 

8.6603 

4.2172 

1.87506 

13.3333 

235.62 

4417.86 

76 

5776 

438976 

8.7178 

4.2358 

1.88081 

13.1579 

238.76 

4536.46 

77 

5929 

456533 

8.7750 

4.2543 

1.88649 

12.9870 

241.90 

4656.63 

78 

6084 

474552 

8.8318 

4.2727 

1.89209 

12.8205 

245.04 

4778.36 

79 

6241 

493039 

8.8882 

4.2908 

1.89763 

12.6582 

248.19 

4901.67 

80 

6400 

512000 

8.9443 

4.3089 

1.90309 

12.5000 

251.33 

5026.55 

81 

6561 

531441 

9.0000 

4.3267 

1.90849 

12.3457 

254.47 

5153.00 

82 

6724 

551366 

9.0554 

4.3445 

1.91381 

12.1951 

257.61 

5281.02 

83 

6889 

571787 

9.1104 

4.3021 

1.91908 

12.0482 

260.75 

5410.61 

84 

7056 

592704 

9.1652 

4.3795 

1.92428 

11.9048 

263.89 

5541.77 

85 

7225 

614125 

9.2195 

4.3968 

1.92942 

11.7647 

267.04 

5674.50 

86 

7396 

636056 

9.2736 

4.4140 

1.93450 

11.6279 

270.18 

5808.80 

87 

7569 

658503 

9.3274 

4.4310 

1.93952 

11.4943 

273.32 

5944.68 

88 

7744 

681472 

9.3808 

4.4480 

1.94448 

11.3636 

276.46 

6082.12 

89 

7921 

704969 

9.4340 

4.4647 

1.94939 

11.2360 

279.60 

6221.14 

90 

8100 

729000 

9.4868 

4.4814 

1.95424 

11.1111 

282.74 

6361.73 

91 

8281 

753571 

9.5394 

4.4979 

1.95904 

10.9890 

285.88 

6503.88 

92 

8464 

778688 

9.5917 

4.5144 

1.96379 

10.8696 

289.03 

6647.61 

93 

8649 

804357 

9.6437 

4.5307 

1.96848 

10.7527 

292.17 

6792.91 

94 

8836 

830584 

9.6954 

4.5468 

1.97313 

10.6383 

295.31 

6939.78 

95 

9025 

857375 

9.7468 

4.5629 

1.97772 

10.5263 

298.45 

7088.22 

96 

9216 

884736 

9.7980 

4.5789 

1.98227 

10.4167 

301.59 

7238.23 

97 

9409 

912673 

9.8489 

4.5947 

1.98677 

10.3093 

304.73 

7389.81 

98 

9604 

941192 

9.8995 

4.6104 

1.99123 

10.2041 

307.88 

7542.96 

99 

9801 

970299 

9.9499 

4.6261 

1.99564 

10.1010 

311.02 

7697.69 
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TABLE 65-18 TWO-THIRDS POWERS OF NUMBERS 


No. 

.00 

.01 

.02 

.08 

.04 

.05 

.06 

.07 

.08 

.09 

.0 


.000 


.046 


.074 

.097 

.117 

.136 


.153 


.170 


.186 


.201 

.1 


.215 


.229 


.243 

.256 

.269 

.282 


.295 


.307 


.319 


.331 

.2 


.342 


.353 


.364 

.375 

.386 

.397 


.407 


.418 


.428 


.438 

.3 


.448 


.458 


.468 

.477 

.487 

.497 


.506 


.515 


.525 


.534 

A 


.543 


.552 


.561 

.570 

.578 

.587 


.596 


.604 


.613 


.622 

.5 


.630 


.638 


.647 

.655 

.663 

.671 


.679 


.687 


.695 


.703 

.6 


.711 


.719 


.727 

.735 

.743 

.750 


.758 


.765 


.773 


.781 

.7 


.788 


.796 


.803 

.811 

.818 

.825 


.832 


.840 


.847 


.855 

.8 


.862 


.869 


.876 

.883 

.890 

.897 


.904 


.911 


.918 


.925 

.9 


.932 


.939 


.946 

.953 

.960 

.966 


.973 


.980 


.987 


.993 

1.0 

1 

.000 

1 

.007 

1 

.013 

1.020 

1.027 

1.033 

1 

.040 

1 

046 

1 

.053 

1 

.059 

1.1 

1 

.065 

1 

.072 

1 

.078 

1.085 

1.091 

1.097 

1 

.104 

1 

.110 

1 

.117 

1 

.123 

1.2 

1 

.129 

1 

.136 

1 

.142 

1.148 

1.154 

1 160 

1 

.167 

1 

.173 

1 

.179 

1 

.185 

1.3 

1 

.191 

1 

.197 

1 

.203 

1.209 

1.215 

1.221 

1 

.227 

1 

.233 

1 

.239 

1 

.245 

1.4 

1 

.251 

1 

.257 

1 

.263 

1.269 

1.275 

1.281 

1 

.287 

1 

.293 

1 

.299 

1 

.305 

1.5 

1 

.310 

1 

.316 

1 

.322 

1.328 

1.334 

1.339 

1 

.345 

1 

.351 

1 

.357 

1 

. 362 

1.6 

1 

.368 

1 

.374 

1 

.379 

1.385 

1.391 

1.396 

1 

.402 

1 

.408 

1 

.413 

1 

.419 

1.7 

1 

.424 

1 

.430 

1 

.436 

1.441 

1.447 

1.452 

1 

.458 

1 

.463 

1 

.469 

1, 

.474 

1.8 

1 

.480 

1 

.485 

1 

.491 

1.496 

1.502 

1.507 

1 

.513 

1 

.518 

1 

.523 1 

1, 

.529 

1.9 1 

1 

.534 

1 

.539 

1 

.545 

1.550 

1.556 

1.561 

1, 

.566 

1 

.571 

1 

.577 

1 

,582 

2.0 

1 

.587 

1 

.593 

1 

.598 

1.603 

1.608 

1.613 

1, 

,619 

1 

.624 

1 

.629 

1, 

.634 

2.1 

1 

.639 

1 

.645 

1 

.650 

1.655 

1.660 

1.665 

1, 

,671 

1 

.676 

1 

.681 

1 

.686 

2.2 

1 

.091 

1 

.697 

1 

.702 

1.707 

1.712 

1.717 

1, 

,722 

1 

.727 

1 

.732 

1 

.737 

2.3 

1 

.742 

1 

.747 

1 

.752 

1.757 

1.7B2 

1.767 

1, 

,772 

1 

.777 

1 

.782 

1 

.787 

2.4 

1 

.792 

1 

.797 

1 

.802 

1.807 

1.812 

1.817 

1, 

,822 

1 

.827 

1 

.832 

1 

.837 

2.5 

1 

.842 

1 

.847 

1 

.852 

1.857 

1.862 

1.867 

1, 

,871 

1, 

.876 

1 

.881 

1 

,886 

2.6 

1 

.891 

1 

.896 

1 

.900 

1.905 

1.910 

1.915 

1, 

,920 

1 

.925 

1 

.929 

1, 

.934 

2.7 

1 

.939 

1 

.944 

1 

.949 

1.953 

1.958 

1.963 

1. 

,968 

1 

.972 

1 

.977 

1, 

.982 

2.8 

1 

.987 

1 

.992 

1 

.996 

2.001 

2.006 

2.010 

2 

.015 

2 

.020 

2 

.024 

2 

.029 

2.9 

2 

.034 

2 

.038 

2 

.043 

2.048 

2.052 

2.057 

2, 

062 

2 

.066 

2 

.071 

2 

.075 

3.0 

2 

.080 

2 

.085 

2 

.089 

2.094 

2,099 

2.103 

2 

,108 

2 

.112 

2 

.117 

2 

.122 

3.1 

2 

.126 

2 

.131 

2 

.135 

2.140 

2.144 

2.149 

2, 

153 

2 

.158 

2 

.163 1 

2 

, 167 

3.2 

2 

.172 

2 

.176 

2 

.180 

2.185 

2.190 

2.194 

2, 

199 

2 

.203 

2 

.208 

2 

.212 

3.3 

2 

.217 

2 

.221 

2 

.226 

2.230 

2.234 

2.239 

2. 

243 

2 

,248 1 

2 

,252 

2 

. 257 

3.4 

2 

.261 

2 

.265 

2 

.270 

2.274 

2.279 

2.283 

2. 

.288 

2, 

.292 

2 

.296 

2 

.301 

3.5 

2 

.305 

2 

.310 

2 

.314 

2.318 

2.323 

2.327 

2. 

331 

2 

.336 

2 

.340 

2 

.345 

3.6 

2 

.349 

2 

.353 

2 

.358 

2.362 

2.366 

2.371 

2, 

375 

2 

.379 

2 

,384 

2 

. 388 

3.7 

2 

.392 

2 

.397 

2 

.401 

2.405 

2.409 

2.414 

2. 

418 

2, 

,422 

2 

.427 

2 

.431 

3.8 

2 

.435 

2 

.439 

2 

.444 

2.448 

2.452 

2.457 

2. 

461 

2 

,465 

2 

,469 

2 

.474 

3.9 

2 

.478 

2 

.482 

2 

.486 

2.490 

2.495 

2.499 

2. 

503 

2 

,507 

2 

,511 

2 

.516 

4.0 

2, 

.520 

2 

.524 

2 

.528 

2.532 

2.537 

2.541 

2. 

545 

2 

549 

2 

,553 

2, 

.558 

4.1 

2 

.562 

2 

.566 

2 

.570 

2.574 

2.579 

2.583 

2. 

587 

2, 

,591 

2 

,595 

2 

,599 

4.2 

2 

.603 

2 

,607 

2 

.611 

2.616 

2.620 

2.624 

2. 

628 

2, 

,632 

2 

, 636 

2, 

. 640 

4.3 

2 

.644 

2 

.648 

2 

.053 

2.657 

2.661 

2.665 

2. 

669 

2. 

,673 

2 

.677 

2 

.681 

4.4 

2 

.685 

2, 

,689 

2. 

.693 

2.698 

2.702 

2.706 

2. 

710 

2. 

,714 

2 

.718 

2 

.722 

4.5 

2 

.726 

2, 

,730 

2, 

.734 

2.738 

2.742 

2.746 

2. 

750 

2. 

,754 

2 

.758 

2 

.762 

4.6 

2 

.766 

2. 

.770 

2, 

,774 

2.778 

2.782 

2.786 

2. 

790 

2. 

,794 

2 

,798 

2 

.802 

4.7 

2, 

.806 

2. 

810 

2. 

,814 

2.818 

2.822 

2.826 

2. 

830 

2. 

834 

2 

,838 

2 

.842 

4.8 

2 

.846 

2. 

850 

2. 

854 

2.858 

2.862 

2.865 

2. 

869 

2. 

873 

2 

,877 

2, 

.881 

4.9 

2, 

.885 

2. 

889 

2. 

893 

2.897 

2.901 

2.904 

2. 

908 

1 

2. 

912 

2 

916 

2, 

.920 
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TABLE 65-19 SQUARE ROOTS OF DECIMAL NUMBERS 
For Use in Manning's Formula 


Num¬ 

ber 

.-0 

.-i 

.-2 

.-3 

.-4 

.-5 

.-G 

.-7 

.-8 

.-.9 

OCOOl 

.003162 

.003317 

.003464 

.003606 

.003742 

.003873 

.004000 

.004123 

.004243 

.004359 

.(X)002 

.004472 

.004583 

.004690 

.004796 

.004899 

.005000 

.0050991 

.005190 

.005292 

.005385 

.ooooa 

.005477 

.005568 

.005657 

.005745 

.005831 

.005916 

.006000 

.006083 

.006164 

.006245 

.00004 

.006325 

.006403 

.006481 

.006557 

.006633 

.0()()70S 

.006782 

.006856 

.006928 

.007000 

.00005 

.007071 

.007141 

.007211 

.007280 

007348 

.007416 

.007483 

.007550 

.007616 

.007681 

.00000 

.007746 

.007810 

.007874 

.007937 

.008000 

.008062 

1 

.008124 

.008185 

.008246 

.008307 

.00007 

.008367 

.008426 

.008485 

.008544 

.(K)8602 

.008660 

.008718 

.008775 

.008832 

.008888 

.00008 

.008944 

.009000 

.009055 

.009110 

.009165 

.009220 

.009274 

.009327 

.009381 

.009434 

.00009 

,009487 

.009539 

.009592 

.009644 

.009695 

.(M)9747 

.009798 

009849 

.009899 

.009950 

.00010 

.010000 

.010050 

.010100 

.010149 

.010198 

.010247 

.010296 

.010344 

.010392 

.010440 

.0001 

.01000 

.01049 

.01095 

.01140 

.01183 

.01225 

.01265 

.01304 

.01342 

.01378 

.0002 

.01414 

.01449 

.01483 

.01517 

,01549 

.01581 

.01612 

.01643 

.01673 

.01703 

.0008 

.01732 

.01761 

.01789 

.01817 

.01844 

.01871 

,01897 

.01924 

.01949 

.01975 

.0004 

.02000 

.02025 

.02049 

.02074 

.02098 

.02121 

.02145 

.02168 

.02191 

.02214 

.0005 

.02236 

.02258 

.02280 

.02302 

.02324 

.02345 

.02366 

.02387 

.02408 

.02429 

.000() 

.02449 

.02470 

.02490 

.02510 

.02530 

.02550 

.02569 

.02588 

.02608 

.02627 

.0007 

.02646 

.02665 

.02683 

.02702 

.02720 

.02739 

.02757 

.02775 

.02793 

.02811 

.0008 

.02828 

.02846 

.02864 

.02881 

.02898 

.02915 

.02933 

.02950 

.02966 

.02983 

.0009 

.03000 

.03017 

.03033 

.03050 

.03066 

.03082 

.03098 

.03114 

.03130 

.03146 

.0010 

.03162 

.03178 

.03194 

.03209 

.032425 

.03240 

.03256 

.03271 

.03286 

.03302 

.001 

.03162 

.03317 

.03464 

.03606 

.03742 

.03873 

.04000 

.04123 

.04243 

.04359 

.002 

.04472 

.04583 

.04690 

.04796 

.04899 

.05000 

.05099 

.05196 

.05292 

05385 

.003 

.05477 

.05568 

.05657 

.05745 

.05831 

.05916 

.0()000 

.06083 

.06164 

.00245 

.004 

.06325 

.06403 

.06481 

.06557 

.06633 

.06708 

.06782 

.06856 

.01)928 

.07000 

.005 

.07071 

.07141 

.07211 

.07280 

.07348 

.07416 

,07483 

.07550 

.07616 

.07681 

.006 

.07746 

.07810 

.07874 

.07937 

.08000 

.08062 

.08124 

.08185 

.08246 

.08307 

.007 

.08367 

.08426 

.08485 

.08544 

.08602 

.08660 

.08718 

.08775 

.08832 

.08888 

.008 

.08944 

.09000 

.09055 

.09110 

.09165 

.09220 

.09274 

.09327 

.09381 

.09434 

.009 

.09487 

.09539 

.09592 

.09644 

.09695 

.09747 

.09798 

.09849 

.09899 

.09950 

.010 

.10000 

.10050 

.10100 

.10149 

.10198 

.10247 

.10296 

.10344 

.10392 

.10440 

.01 

. 1000 

. 1049 

. 1095 

.1140 

.1183 

.1225 

.1265 

. 1304 

. 1342 

. 1378 

.02 

.1414 

. 1449 

. 1483 

.1517 

. 1549 

.1581 

.1612 

.1643 

. 1673 

. 1703 

.03 

.1732 

. 1761 

. 1789 

.1817 

.1844 

.1871 

.1897 

. 1924 

. 1949 

.1975 

.04 

.2000 

.2025 

.2049 

.2074 

.2098 

.2121 

.2145 

,2168 

.2191 

.2214 

.05 

.2236 

.2258 

.2280 

.2302 

.2324 

.2345 

.2366 

.2387 

.2408 

.2429 

.00 

.2449 

.2470 

.2190 

.2510 

.2530 

.2550 

.2569 

.2588 

.2608 

.2627 

.07 

.2646 

.2665 

.2683 

.2702 

.2720 

.2739 

.2757 

.2775 

.2793 

.2811 

.08 

.2828 

.2846 

.2864 

.2881 

.2898 

.2915 

.2933 

.2950 

.2966 

.2983 

.09 

.3000 

.3017 

.3033 

.3050 

.306() 

.3082 

.3098 

.3114 

.3130 

.3146 

.10 

.3162 

.3178 

.3194 

.3209 

.3225 

.3240 

.3256 

.3271 

.3286 

.3302 


From King’s “Handbook of Hydraulics.” 
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TABLE 65-20 U. S. STANDARD GAGES FOR SHEET AND PLATE 
IRON AND STEEL (Black) 


Established by Act of Congress, July 1, 1893 
(With revisions, 1945) 


Number 
of Gage 

A pproximate Thickness 

W eight 

Fractions 

of 

an I nch 

Decimal Paris 
of an I nch 

Millie 

meters 

___ 

Steen 

per 

Square 
Foot in 
Ounces 
Avoir- 
tlu inns 

per 

Square 
Foot ill 
Pounds 

Aroir- 
dupois 

per 

Square 
Meter in 
Kilo¬ 
grams 

Wrought 

Iron* 

Wrought 

Iron* 

Scrit 

OOOOOOO 

1-2 

0.5 

0.4782 

12.140 

320 

20. 

97.05 

OOOOOO 

15-32 

.40875 

.4484 

11.389 

300 

18.75 

91.55 

OOOOO 

7 10 

.4375 

.4185 

10.(i30 

280 

17.50 

85.44 

0000 

13 32 

.40025 

.3880 

9.870 

2()0 

10.25 

79.33 

OOO 

3-8 

.375 

.3587 

9.111 

240 

15. 

73.24 

00 

11 32 

.34375 

.3288 

8.352 

220 

13.75 

07.13 

0 

5-10 

.3125 

. 2989 

7.592 

200 

12.50 

01 .03 

1 

9 32 

.28125 

. 2090 

0.833 

180 

11.25 

54.93 

2 

17- ()4 

.205025 

.2541 

0.454 

170 

10.025 

51.88 

3 

1 4 

.25 

.2391 

0.073 

100 

10. 

48.82 

4 

15 04 

.234375 

2242 

5.095 

150 

9.375 

45.77 

5 

7- 32 

.21875 

. 2092 

5.314 

140 

8.75 

42.72 

() 

13 04 

.203125 

: 1943 

4.935 

130 

8.125 

39.07 

7 

3 10 

. 1875 

.1793 

4.554 

120 

7.5 

30. ()2 

8 

11 04 

.171875 

.1()44 

4.170 

110 

0.875 

33.57 

9 

5 32 

.15025 

. 1495 

3.797 

100 

0.25 

30.52 

10 

9 04 

.140025 

. 1345 

! 3.410 

90 

5.025 

27.40 

11 

1 8 

. 125 

.1190 

3.038 

80 

5. 

24.41 

12 

7 (»4 

.109375 

. 1040 

2.057 

70 

4.375 

21.30 

13 

3 32 

.09375 

.0897 

2.278 

(){) 

3.75 

18.31 

14 

5 (14 

.078125 

.0747 

1.897 

50 

3.125 

15.20 

15 

9 128 

.0703125 

. 0073 

1.709 

45 

2.8125 

13.73 

10 

1-10 

.0025 

.0598 

1.519 

40 

2.5 

12.21 

17 

9-100 

.05025 

.0538 

1.307 

3(> 

2.25 

10.99 

18 

1-20 

. 05 

.0478 

1.214 

32 

2. 

9.705 

19 

7-100 

.04375 

.0418 

1.002 

28 

1.75 

8.544 

20 

3 SO 

.0375 

.0359 

0.912 

1 24 

1.50 

7.324 

21 

11 320 

.034375 

.0329 

.830 

22 

1.375 

0.713 

22 

1 32 

.03125 

.0299 

. 759 

20 

1.25 

0. 103 

23 

9 320 

.028125 

.0209 

. 083 

18 

1.125 

5.49 

24 

1-40 

.025 

.0239 

. 007 

10 

1. 

4.882 

25 1 

7-320 

.021875 

.0209 

I .531 

14 

0.875 

4.272 

20 

3 100 

.01875 

.0179 : 

.455 

12 

.75 

3.002 

27 

11-040 1 

.0171875 

.0104 i 

.417 

11 

.0875 

3.357 

28 

1-04 

.015025 

.0149 i 

.378 

10 

. 025 I 

3.052 


By Act of C'ongiess, the gage Jiuiiii)er!s are t)ased on the weight per square foot in ounces 
(sixth column) and not on thickness. 

♦The thickness given in the Congressional table is for wrought iron and not for steel. 

tThe thicikness for steel is from tables compiled by the Anrierican Iron and Steel Institute, 
November 1942, based on 41.S2 pounds per square foot per inch thick. 

Example: A 1(> gage sheet of either wrought iron or steel weighs 40 ounces per square 
foot. The wrought iron is approximately .0625 inch thick whereas the steel is .0598 in(;h 
thick. 
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TABLE 65-21 AVERAGE WEIGHT OF VARIOUS MATERIALS USED 
IN CONSTRUCTION IN POUNDS PER CUBIC FOOT 


TABLES 


Substance 

Weight 

Substance 

Weight 

Clay, Earth and Mud: 


Masonry and its Materials— 


Clay. 

122-162 

(Continued): 


Earth, dry and loose. 

72-80 

Sand, pure quartz, dry, loose 

87-106 

Earth, dry and shaken. 

82-92 

Sand, pure quartz, dry, slight- 


lOarth, dry and moderately 


ly shaken. 

92-110 

rammed. 

90-100 

Sand, pure quartz, dry. 


lOarth, slightly moist, loose. . 

70-76 

rammed. 

100-120 

lOarth, more moist, loose.... 

66-68 

Sand, natural, dry, loose. . . . 

80-110 

Earth, more moist., shaken... 

75-90 

Sand, nautral, dry, shaken. . 

85-125 

lOarth, more moist, moderate*- 


Sand, wet, voids full of water 

118-128 

]y rammed. 

90-100 

Stone. 

135-195 

lOarth, as soft flowing mud . . 

104-112 

Stone, (luarried, loosely piled. 

8(1-110 

blarth, as soft mud well 


Stone, broken, loose. 

77 112 

pressed into a box. 

110-120 

Stone, brok(ni, rammed. 

79-121 

Mud, dry, close. 

80-110 



Mud, wet, moderately presscid 

110-130 



Mud, wet, fluid. 

104-120 

Metal and Alloys: 




Brass (copper and zinc.). 

487-524 

Masonry and its Materials: 


Bronze (copper and tin). 

524-537 

Hriek, best pressed. 

150 , 

Copper, cast. 

537-548 

Ilrietk, common hard. 

125 

Copper, rolhul. 

548-562 

llrick, soft, inferior. 

100 

Iron and steel, cast. 

438-483 

Bi'ie^kwork, pressenl bri(;k, fine^ 


Average. 

450 

joints. 

140 

Iron and steel, wrought. 

475-494 

Briedework, mcidium (pialil y.. 

125 

Average. 

480 

Brickwork, coarse, inferior 


Spelter or zinc. 

425-450 

soft bricks. 

100 

Tin, cast. 

45(M70 

Cement, pulverized, loose. . . 

72-105 

Steel. 

490 

C(;ment, pressed. 

115 

Tin. 

459 

Cement, s(;t. 

168-187 

Zinc. 

438 

Concrete, 1:3:6. 

140 

Mercury (32''F.). 

849 

Cravel, loose. 

82-125 



Gravel, rammed.. . 

90-145 

Woods (Dry)* 


Masonry of granite or stones 


White oak. 

46.4 

of like weight: 


White pine. 

25.6 

Well-dressed. 

165 

Southern long-leaf pine . . 

38.1 

Well-scabbled rubble, 20 per 


Douglas fir. 

32.1 

cent mortiir. 

154 

Short-leaf yellow piiKi. 

38.4 

Koughly scabbled rubble, 25 


Norway pine. 

30.2 

to 35 per cent mortar. 

150 

Spruce and eastern fir. 

25.0 

Well-scabbled dry rubble_ 

138 

Hemlock. 

26-32 

Roughly scabbled dry rubble. 

125 

Cypress. 

29.8 

Masonry of sandstone or stone 


Cedar. 

23.1 

of like weight, weighs about 


Chestnut. 

41.0 

seven-eights of the above. 


California redwood. 

26.2 

Mortar, hardened. 

90-115 

California spruce. 

25 0 





♦The weights of Kreen or unseasoned timbers are 20 to 40 per cent greater. 
From King’s ‘ Handbook of Hj’^draulics.” 
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TABLE 65-22 COMPRESSIVE AND TENSILE STRENGTH OF VARIOUS MATERIALS 


Material 

Stresses in Thousands of Pounds 

Tensile Compressive 

Strength Strength 

Metals: 



Aluminum. 

24-85 

12 

Brass. 

18-24 

20 

Bronze. 

28.5 

42 

Copper. 

82-85 

82 

Gold. 

20 80 

— 

Iron (Cast). 

15-18 

80 

Iron (Wroupiht). 

27-85 

40 

Lead. 

2.5 

— 

Silver. 

40 

_ 

Steel. 

55-05 

55-<i5 

Tin. 

8.5-4.0 

0 

Zinc. 

7-10 

_ 

Stones: 



Feldspar. 

— 

— 

Gneiss. 

— 

— 

Granite. 

1.20 

12 

Grai)hite.:. 

_ 

— 

Limestone. 

0.8 

8 

Marble. 

0.8 

8 

Sandstone. 

0.15 

5 

Slate. 

8.0 

10 

Mineral Substance’s: 



Brick. 

0 2 

10 

I'bickwork. 



Clay. 

— 


I^]arth, dry, Icjose. 

— 

— 

LLarth, moist, loose. 

— 

— 

Earth, packed. 

— 

— 

Mud, wet. 

— 

— 

Portland Ceirumt. 

0.74 

7.04 

Sand, dry. 

— 

— 

Sand, wet. 

— 

— 

Glass. 

8.0 

80 


TABLE 65-23 SAFE BEARING VALUE OF SOILS (Baker) 


Kind of Material 

Safe Bearing Power in 
Tone per Square Foot 

Rock (Poor). 

Rock (Solid and First Quality). 

Dry Clay. 

Mediutii Dry Clay. 

Soft Clay. 

Cemented Gravel.. 

Compact Sand. 

Clean Dry Sand. 

Quicksand and Alluvial Soil. 

5 tons per square foot 

25 tons per aquare foot 

4 tons per square foot 

2 tons per square foot 

1 ton per square foot 

8 tons per square foot 

4 tons per square foot 

2 tons per square foot 

H ton per square foot 













































TABLE 65-24 AREA OF STEEL REINFORCEMENT PER FOOT WIDTH OF SLAB 
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TABLES 





BS 

--f 

S CM 

»-l 05 

CO CO 

CD 
rt UO 

O 

CO 

es 

03 

05 CM 

X CO 

CM LO 



d d 

d d 

d d 

d d 

d d 

o d 

d ^ 

d ^ 

rH rH 



lO l>* 

o o 

f-i lO 

8 8 

CM ^ 

CO 

CO 05 
iC 

S X 

CM X 
X o 

X CM 

O X 

X X 

CM CO 



d d 

d d 

d d 

d d 

d d 

d d 

d »-H 

rH rH 

rH rH 



lO !>• 

o o 

N >o 

S CM 

CO CO 

CO 

00 ^ 
Tf CO 

CO X 

CD X 

CO 05 

X o 

<05 X 

O X 

rt O 

X 

■H 


d d 

d d 

d d 

d d 

d d 

d d 

d 

fH 

rH rH 

:s; 


8S 

CO CO 

CM 05 

CM CM 

lO lO 

CO 

1-1 '-f 
lO CO 

^ 92 

CO X 

82 

^ LO 

1—1 ^ 


>s 


d d 

d d 

d d 

d d 

d d 

d d 

O 1—1 

r-H 

^ rH 

o 


8S 

CO 1 - 

CO o 

CM CO 

1 ^ r-- 

CO 

CO 00 
lO CO 

I'- 05 

o 

05 CM 

O CM 

CM LO 

£8 



d d 

d d 

d d 

d d 

d d 

d d 

d 

r—< 

fH 



88 

00 

• O CM 

CM CO 

05 05 

CO 

CO ^ 
lO 1'- 

CO 

05 

05 CD 
05 CM 

CO o 

CM CO 

LO |H 

L O 05 

Oi 


o d 

d d 

o d 

d d 

d d 

d d 

d ^ 

rH 

fH 1-H 

Oi 


1- 00 
o o 

»o a 

CO CO 

CM CO 

CM 

»o 

05 »(0 
lO 1- 

O CM 

X o 

LO X 
O X 

X <05 

X CO 

X 

CO o 


o d 

d d 

o d 

d d 

d d 

d ^ 

r-. ^ 

rH tH 

1-H CM 


to; 

1- Ci 

o o 

CO o 
-H CM 

00 »o 

CM CO 

CO lO 

-r ic 

CM O 
CO X 

»o X 

X o 


O 05 

rfl |>- 

X rH 

CM 

Oo 

sc 

d d 

d d 

d d 

d d 

d d 

d rH 

ifH ^ 


rH CM 

00 


Ci 

o o 

!>. 

^ CM 

O 00 

CM CO 

CO 05 
lO 

CO 

CO X 

o >o 

05 rH 

X o 
i-H lO 

(05 O 

05 

rf -t 

X X 

0 

d d 

d d 

d d 

d d 

d d 

d t-H 

1-11^ 

,-1 rH 

rH CM 

i?:: 

!C 

oo o 

O -H 

00 CO 
^ CM 

^ o 

CO '-t 

<05 CO 
-+ CO 

-H o 

1- 05 

CO X 

05 CM 

CO O 
CM CO 

05 CM 

LO O 

CO O 

05 LO 



d d 

d d 

d d 

d d 

d d 

d 1-^ 

1-H 

^ CM 

rH CM 



00 1-H 

o 

C5 '-f 
^ CM 

CO 

CO 

CO 

iO CO 

CO ! >• 
1- 05 

X ’-H 

O X 

» 0 CM 
X 1- 

O 

I '. h4 

O X 
iH CO 


'c* 

d d 

d d 

d d 

d d 

d d 

^ ,1 

rH rH 

i-H CM 

CM csi 


c 

' S' 

SS2 

O CO 

CM CM 

CO CO 

CO t 

1^ CM 

>o 1- 

CM -t 

X o 

i-H CM 

1—1 '-f 

LO LO 
^ X 

X -t 

X X 

1^ 05 

CM X 



d d 

d o 

b d 

d d 

d 

,-<■ 

hh’ 

rH CM 

CM CM 

'to 


o w 

CM 00 

CM CM 

a o 

CO lO 

^ 00 

CO 1- 

X X 
X — < 

O X 

CM »0 

£8 

§f§ 

1$ S2 



o o 

o d 

c d 

d d 

O rH 

1-H t-H 

CM 

CM 

CM X 



1-H '-r 

-t ^ 

C^ CO 

CO »o 

>o 

CD S 

CO X 
<05 CM 

X CO 

P 2 

CO 

rH 

X rH 

CO -t< 



o d 

o o 

o d 

d d 

d T-i 

tH 1—I 

1-H CM 

CM CM 

CM X 



cs »o 

CO 

CM CO 

1 - o 

rf CO 

05 

CO LO 
O X 


X o 
X ^ 

X 'f 

X o 

LO LO 

05 I ^ 



o d 

o d 

d d 

d d 



rn' CM 

CM X 

CM X 



CC 

a 1- 

CM CO 

CM 

lO CO 

00 O 

X o 

1-H lO 

§ o 

<05 r>. 
O CO 

LO t ^ 

CO X 

I>- f'r 

CM ^ 



d d 

d o 

d d 

d ^ 


CM 

csi CM 

CM X 

X -f 

Vf- 


lo a 

CO CM 

CO 

05 »o 

lO l'. 

CM 1-- 
05 f* 

X 05 
X CO 

w 

CO Q 

X o 

X o 

05 X 

X 05 

CO CD 



d d 

d d 

d d 

d 


^ CM 

CM X 

CM X 

X ^ 




QC 00 

CO t 

"£8" 

»o 

o CO 

r-H X 
»0 05 

CD CM 

O CO 

<05 X 
CO ■*+ 

rH rf 

rf X 

O CO 

CM X 

00 


d o 

d d 

d d 


1-H 

CM CM 

CM CO 

<X 

^ LO 

00 


O 1<0 

CM 

lO 


CO CO 

CM iC 

I'- iO 
CM 


"8 

X ^ 

05 O 

rH LO 

05 CM 



d d 

d d 

d 

— 

— CM 

CM X 

X -r 

(X LO 

-r d 

V 

.§a 

3 

5 

round* 

square* 

round 

square* 

round 

square 

* 

c 2 
=> 2. 

round 

.square* 

round 

square* 

round 

square 

round* 

square 

round* 

square 

- 







e<y\ 




S’ 


Not standard, and seldom stocked. 
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TABLE 65-25 AREAS AND WEIGHTS OF CORRUGATED METAL PIPE 
Based on U. S. Standard Gages for Sheet and Plate Iron and Steel 


Nominal 
Diam. in 


Area in 
Square Feet 


Computed Weight per Linear Foot of Finished Pipe Exclusive of 
_ End F inish (B ased on SO' Length of Pipe) Pounds 


Galvanized Sheet Gage Xumber 




Id 

U 

J£ 

10 

8 

8 

.340 

7.3 





10 

. 045 

9.0 





12 

.785 

10.5 

i 3 .i 




1 '. 

1.227 

12 0 

16.1 




18 

1.767 

15.3 

19.1 

26.4 



21 

2.405 

17.7 

22.1 

30.6 



24 

3.142 

20.4 

25.2 

34.7 

44.2 


30 

4.009 


30.9 

43.0 

54.8 


30 

7.069 


37 . 1 

51.0 

65.4 

79.4 

42 

0.621 


43.6 

59.5 

76.8 

93.2 

48 

12.566 



68.0 

87 4 

106.1 

04 

15.004 



77.8 

00 4 

120.7 

(>0 

10.635 




108.9 

133.5 

66 

23.758 




120.6 

146.4 

72 

28.274 

.... 



130.4 

159.3 

78 

33.183 




142.4 

172.8 

84 

38.485 

.... 



153.5 

185.2 

06 

50.265 




174.7 

212.1 

108 

63.617 




196.8 

238.9 


TABLE 65-26 AREA, WETTED PERIMETER, AND HYDRAULIC RADIUS OF 
PARTIALLY FILLED CIRCULAR CONDUIT SECTIONS 


d 

area 

v'ei. per. 

hyd. rad 

1) 

IP 

D 

1) 

6.01 

0.0013 

0.2003 ' 

0.0066 

0.02 

0.0037 

0.2838 

0.0132 

0.03 

0.0069 

0.3482 

0.0197 

0.04 

0.0105 

0.4027 

0 . 026*2 

0.05 

0.0147 

0.4510 

0.0326 

0.06 

0.0192 

0.4949 

0 0389 

0.07 

0.0242 

0.5355 

0.0451 

0.08 

0.0294 

0.5735 

0.0513 

0.09 

0.0350 

0.6094 

0.0574 

0.10 

0.0409 

0.6435 

0.0635 

0.11 

0.0470 

0.6761 

0.0695 

0.12 

0.0534 

0.7075 

0.0754 

0.13 

0.0600 

0.7377 

0.0813 

0.14 

0.0608 

0.7670 

0.0871 

0.15 

0.0739 

0.7954 

0.0929 

0.16 

0.0811 

0.8230 

0.0986 

0.17 

0.0885 

0.8500 

0.1042 

0.18 

0.0961 

0.8763 

0.1097 

0.19 

0.1039 

0.9020 

0.1152 

0.20 

0.1118 

0.9273 

0.1206 

0.21 

0.1199 

0.9521 

0.1259 

0.22 

0.1281 

0.9764 

0.1312 

0.23 

0.1365 

1.0003 

0.1364 

0.24 

0.1449 

1.0239 

0.1416 

0.25 

0.1535 

1.0472 

0.1466 

0.26 

1 0.1623 

1.0701 

0.1516 

0.27 

0.1711 

1.0928 

0.1566 

0.28 

1 0.1800 

1.1152 

0.1614 

0.29 

1 0.1890 

j 1.1373 

0.1662 

0.30 

0.1982 

1.1593 

0.1709 

0.31 

0 2074 

1.1810 

0.1755 

0.32 

0.2167 

1.2025 

0.1801 

0.33 

0.2260 

1.2239 

0.1848 

0.34 

0.2355 

1.2451 

0.1891 

0.35 

0.2450 

1.2661 

0.1935 

0.36 

0.2546 

1 . 28 V 0 

0.1978 

0.37 

0.2642 

1.3078 

0.2020 

0.38 

0.2739 

1.3284 

0.2061 

0.39 

0.2836 

1.3490 

0.2102 

0.40 

0.2934 

1 1.3694 

0.2142 

0 41 

0.3032 

i 1.3898 

0.2181 

0.42 

0.3130 

1.4101 

0.2220 

0.43 

0.3229 

1 4303 

0.2257 

0.44 

0.3328 

1.4505 

0.2294 

0.45 

0.3428 

1.4706 

0 2331 

0 46 

0.3527 

1.4907 

0.2366 

0 47 

0.3627 

' 1.5108 

0.2400 

0 48 

0.3727 

1 1 . 5308 

0.2434 

0 49 

0.3827 

i 1 . 5508 

0.2467 

0 50 

0.3927 

1.5708 

0 25 ( K » 


d 

arm 

wet, per. 

hyd. rad. 

1) 

TP 

I) 

D 

0.51 

0.4027 

1.5908 

0.2531 

0.52 

0.4127 

1.6108 

0.2561 

0.53 

0.4227 

1.0308 

0.2591 

0.54 

0.4327 

1.6509 

0.2020 

0.55 

0.4426 

1.6710 

0.2649 

0.56 

0 4526 

1.6911 

0.2076 

0.57 

0.4625 

1.7113 

0.2703 

0.58 

0.4723 

1.7315 

0.2728 

0.59 

0.4822 

1.7518 
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Fig. 366. Molti Plate pipe, 1 216 ft in diameter, 226 ft long, under 57 ft of cover in Montana 
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By M. G. Spangler,^ M. ASCE 

With Discussion by Messrs. Wilson V. Binger, Jacob Feld, Zdenek 
Ba2ant, Jr., Anson Marston, George E. Shaper, E. F. Kelley, Bailey 
Tremper, and M. G. Spangler. 


Synopsis 

The increasingly successful application of scientific principles of mechanics 
to the analysis of soil has characterized engineering development during the 
first twoscore years of the twentieth century. A number of problems that 
involve the soil as an integral part of the finished structure and which a genera¬ 
tion or two ago were considered by many to be too complex to be subject to 
orderly classification and solution are yielding to the onslaught of organized 
research. 

One notable example of problems in this category concerns the design of 
underground structures such as conduits, sewers, drains, culverts, water mains, 
and gas lines. Conduits of this general type have been used by mankind for 
at least 3,000 years, being found among the earliest examples of the practice 
of the engineering arts; but not until about 1910 was serious effort directed 
toward the development of a rational method for determining the magnitude 
and character of the loads to which underground conduits were subjected in 
service due to the earth overburden and other load sources. In those early 
days, Anson Marston, Past-President and Hon. M. ASCE, then director of the 
Engineering Experiment Station at Iowa State College in Ames, inaugurated 
a research program which has been continuously active under his direction. 
The purpose of this paper is to review Dean Marston^s theory of loads on, and 
supporting strengths of, underground conduits and to record the experimental 
background, together with working values of many of the constants required 
for the practical application of the theory. 

Notb . —Published in June, 1947. Proceedings, Positions and titles given are those in effect when the 
paper or discussion was received for publication. 

* Search Associate Prof., Civ. Eng. Dept., Iowa Eng. Experiment Station, Iowa State .College, 
Ames, Iowa. 
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Load Classification op Underobound Conduits 
Underground conduits, in general, may be divided into two main classes 
on the basis of construction conditions under which they are installed—that 
is (1) ditch conduits and (2) projecting conduits. 

(1) “Ditch conduits” are structures installed and completely buried in 
narrow ditches in relatively passive or undisturbed soil. Examples of this 
class of conduits are sewers, drains, and water mains (see Fig. 1(a)). 



(a) DITCH TYPE 


Top of Constructed 
Embankment 




Natural Ground Surface 



Fia. 1. —Essential Elements ok Typical Conduits 


(2) “Projecting Conduits” are structures installed in shallow bedding with 
the top of the conduit projecting above the surface of the natural ground, and 
then covered with an embankment, as showm in Fig. 1(6). Railway and high¬ 
way culverts are good illustrations of this class of conduits. Conduits installed 
in ditches wider than about two or three times their maximum horizontal 
breadth may also be treated as projecting conduits. 


Notation 

The letter symbols in this paper are defined where they first appear, in 
text or by illustration, and are assembled for reference in Appendix I. Dis¬ 
cussers are requested to conform to this usage. 

Loads on Ditch Conduits 

When a conduit is placed in a ditch not wider than about two or three times 
its outside breadth, and covered with earth, ♦he backfill will tend to settle 
downward. This downward movement or tendency for movement of the soil 
in the ditch above the pipe produces vertical frictional forces or shearing stresses 
along the sides of the ditch which act upward on the prism of soil within the 
ditch and help to support the backfill material. Assuming the cohesion be¬ 
tween the backfill material and the sides of the ditch to be negligible, the 
magnitude of these vertical shearing stresses is equal to the active lateral 
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pressure exerted by the earth backfill against the sides of the ditch, multiplied 
by the tangent of the angle of friction between the two materials. This 
assumption of negligible cohesion is justified because: (a) Even when the ditch 
is dug in, and backfilled with, cohesive material, considerable time must elapse 
before effective cohesion between the backfill material and the sides of the 
ditch can develop after backfilling; and (b) the assumption of no cohesion yields 
the maximum probable load on the conduit. The maximum load may develop 
at any time during the life of the conduit due to heavy rainfall or other causes 

which may eliminate or greatly reduce 
cohesion between the backfill and the 
sides of the ditch. 

Let Fig. 2 represent the section of a 
unit length of ditch conduit and consider 
a horizontal element of the fill material 
having a height dHp at a distance Hp below 
the ground surface. Equating® the verti¬ 
cal forces acting on this element: 



P + dP + dHp 

Od 

= P + 7&ad^p..(la) 

This is a linear differential equation, the 
solution for which is 


yh\ 


1 - 

2K,x' * 


.(16) 


Fio. 2 —Fobcb Diagram for a 
Ditch Conduit 


in which P equals the total vertical pres¬ 
sure on a horizontal plane in the backfill, 
in pounds per linear foot; /x' is the coef¬ 
ficient of sliding friction between the fill 
materials and the sides of the ditch; bd is the width of ditch at the top of 
the conduit; Hp is the height of the ground surface above any horizontal plane 
in the backfill; y is the unit weight of filling material, in pounds per cubic foot; 
e is the base of natural logarithms; and, to simplify typography: 

2Kfi^ 


bd 


.(2a) 


The ratio K of active lateral pressure to vertical pressure, is defined as 


K = - ** 

vii?n + M 


(.2b) 


in which n is the coefficient of internal friction of the filling material. The 
coefficient may be equal to or less than )u, buc it cannot be greater. 

When Hp * P*, Eq. 16 gives the total vertical pressure within the ditch 
at the level of the top of the pipe. The proportion of this total pressure that 

B •*The Theory of Loads on Pipes in Ditches and Tests of Cement and Clay Drain Tile and Sewer 
Pipe,'* by A. Marston and A. O. Anderson, biMetin No. 32, Iowa Eng. Experiment Station, Ames, Iowa, 
1013, p. 32. 
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will be carried by the conduit will depend upon the relative rigidity of the 
conduit and of the fill material between the sides of the conduit and the sides 
of the ditch. In the case of very rigid pipes, such as burned clay, concrete, or 
heavy cast-iron pipe, the side fills may be relatively compressible and the pipe 
itself will carry practically all the load, P. On the other hand, if the pipe is a 
relatively flexible, thin-walled pipe and the side fills are thoroughly tamped in 
at the sides of the pipe, the stiffness of the side fills may approach that of the 
conduit and the load on the structure will be reduced by the amount of load 
the side fills are capable of carrying. 

For the case of rigid ditch conduits with relatively compressible side fills, 
the load will be: 

IFe = Cdy b'^d .(3a) 

For the case of flexible pipes and thoroughcompacted side fills having 
the same degree of stiffness as the pipes, the load will be: 


Wc ^ Cdjb, bd 


.(36) 


in which We is the total load on the conduit, and: 


Cd 


1 — 
2Ku' 


(3c) 


Eq. 3a has been verified many times by ex|)eriment and by observation of 
the performance of actual sewers and drains. The results of two of Dean 
Marston^s early load experiments on rigid pipes are shown in Fig. 3, together 
with loads calculated by Eq. 3a. 

Evaluation of Eqs. 3a and 36 may be simplified by the use of Fig. 4 in which 
values of Cd for various values of He/bd have been plotted for several kinds 
of filling materials having different coefficients of internal friction. 

The width of ditch, bd, is the actual width of a normal, parallel-sided 
ditch. In case the ditch is constructed with sloping sides, or the conduit is 
placed in a subditch at the bottom of a wider trench, experiments* have shown 
that the width of ditch at or slightly below the top of the pipe is the proper 
width to use when determining the load. 

These ditch conduit formulas (Eqs. 3a and 36), with proper selection of the 
physical factors involved, give the maximum loads to which any particular 
conduit may be subjected in service. On the other hand, because of the 
development of cohesion, any particular conduit may escape the maximum 
load for a long time, sometimes until its removal for other causes than load 
failure. Experiments and field observations show that the load on a conduit 
at the time the fill is completed is usually less than it wdll be at some later time. 
This condition accounts for the fact that sewers and other conduits which 
have been observed to be structurally sound immediately upon copipletion 
are sometimes found to be cracked some months or years later. 

^“Loads on Pipe in Wide Ditches.” by W. J. Schlick, BulUtin No. t08, Iowa Eng. Experiment Station, 
Ames. Iowa, 1032. 
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Loads on Projecting Conduits 

Projecting conduits, as defined and as the name implies, are placed with 
their tops projecting some distance above the natural ground surface. They 
may be of any shape, such as circular, rectangular, or elliptical; may be made 
of any material, such as concrete, burned clay, cast iron, corrugated metal, 
or wood; and may possess any degree of rigidity from the very rigid concrete 
pipes and monolithic box culverts to the very flexible, lightweight corrugated 
metal pipes. 




Fio. 3 .—Mkabubed Loads on Fio, 4 .—Computation Diagram for 

Ditch Conduits Ditch Conduits 

As a basic case for studying the action of an embankment over this type 
of conduit, consider first a rigid structure resting on an earth foundation which 
settles under the load the same amount as the natural ground adjacent to the 
structure (see Fig. 5). Then in the embankment built over the conduit, there 
are three masses or prisms of soil, one of which, called the *‘interior prism,is 
directly over the conduit between the vertical planes tangent to the sides. 
The other two masses of soil, called the “exterior prisms,^' are those on each 
side of the structure adjacent to the tangent vertical planes. 

It is evident that the height of the interior prism will be less than that of 
the exterior prisms by the amount which the conduit projects above the 
natural ground. In accordance with the well-known phenomenon that a high 
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prism of soil will settle more than a lower prism, there is a tendency for the 
exterior prism to settle more than the interior prism and for friction forces or 
shearing stresses to be exerted along the tangent vertical planes bounding the 
interior prism. These shearing stresses are transmitted to the conduit, making 
the load on the structure greater than the weight of the interior prism of soil. 
The magnitude of the shear¬ 
ing stresses (again neglecting 
cohesion) is assumed to be 
equal to the active lateral 
pressure at these planes, mul¬ 
tiplied by the coefficient of 
internal friction of the fill ma¬ 
terial. It is recognized that 
definite shearing planes be¬ 
tween the interior and ex¬ 
terior prisms of soil do not 
actually exist in an earth em¬ 
bankment and that, in all 
probability, the shearing 
stresses are transferred from 
one prism to another through 
more or less narrow zones of 
the filling material. Never¬ 
theless, actual vertical shear¬ 
ing planes are assumed for 
convenience in developing the 
theory, and load measuring 
experiments indicate that the 
assumption is valid. 

If the embankment is 
not very high, these shearing 
stresses may extend upward 
from the conduit completely to the top of the embankment. In the case 
of higher fills, the shearing stresses will not extend to the surface, but will 
terminate at some horizontal plane between the top of the conduit and the 
top of the embankment, known as the ‘^plane of equal settlement.” The 
distance between the top of the conduit and this plane is called the “height of 
equal settlement, 

The plane of equal settlement is defined as the horizontal plane in the em¬ 
bankment at and above which the settlements of the interior and exterior 
prisms of soil are equal. Above the plane of equal settlement there is no 
tendency for relative movement between the three adjacent prisms and no 
shearing stresses are generated along the boundaries of the interior prism 
above this plane, whereas, below it, relative movements do have a tendency 
to occur and shearing stresses are developed. 

A plane of equal settlement in this basic case results from the transfer of 
pressure, by shear, from the exterior prisms to the interior prism. Since the 



Ground Settle Equally 

Fio 6 .—^Babic Cabb fob Conbidbxino thb Action of an 
Embanxnbnt Ovsb a Projbctinq Conduit 
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vertical deformation of a prism of material due to its own weight is a function 
of the height as well as characteristic of the material, normally the summation 
of deformations from the bottom of a prism upward will be at a greater rate 
in a high prisiri than in a lower one if the prisms act independently of one 
another. In the case of projecting conduits, however, the exterior prisms of 
soil transfer a part of their vertical pressure to the interior prism and the 
rate of summation of vertical deformations will be reduced in the exterior 
prisms and increased in the interior prism because of this stress transfer. 
Therefore, the total summation of deformations in the interior prism will 
approach that in the exterior prisms, and the height at which the deformations 
become equal is the height of equal settlement. 

The existence of a plane of equal settlement was first announced by Dean 
Marston in 1922^ on the basis of pure mathematical reasoning and a formula 
for evaluating its height was developed at that time. Since then the actual 
existence of such a plane has been demonstrated by measurements of the settle¬ 
ments and of the loads on a number of experimental conduits. 

This basic settlement situation is practically always modified by two addi¬ 
tional factors which must be considered in the development of a general theory 
of fill loads. The first of these is the settlement of the undisturbed subgrade 
under the exterior prisms adjacent to the conduit; and the second, the settle¬ 
ment of the top of the conduit. The settlement of the subgrade adjacent to 
the conduit augments the downward movement of the two exterior prisnis of 
earth. The settlement of the top of the conduit (which is equal to the sum 
of the settlement of its foundation and the distortion or shortening of its vertical 
dimension) has the tendency to neutralize this action by reducing the relative 
movement between the interior and exterior prisms. Indeed, if the conduit 
is sufficiently flexible, if it is placed on a very yielding foundation, or if both 
conditions hold true, the top of the conduit may settle enough to permit the 
interior prism to move downward a greater amount than the exterior prisms. 
When this occurs, the direction of the induced shearing stresses is reversed 
and the stresses are subtractive from the weight of the prism of earth over the 
conduit. The rate of summation of settlements in relation to height above 
the conduit for the interior prism is less than that in the exterior prisms due 
to the reduced pressure. Nevertheless, there still may be a plane of equal 
settlement, even if the direction of relative movements is reversed, because the 
total settlement is augmented by the settlement of the top of the conduit, 
which causes the entire interior prism to move downward. 

In this connection it is convenient to define a “critical plane” which is the 
horizontal plane in the fill material at the level of the top of the conduit at the 
beginning of construction of the embankment and before settlements have 
begun to develop. With this definition in mind, the aforementioned facts 
concerning direction of the induced shearing stresses may be simplified by 
stating that, when the critical plane settles more than the top of the conduit, 
the shearing stresses act downward on the interior prism and that, when it 
settles less, they act upward. 

« “Second Progrese Report to the Joint Concrete Culvert Pipe Committee." by Anson Marston, April 7, 
1922 (mimeographed). 
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A neutral or transition case occurs when the top of the conduit settles 
downward an amount just equal to the settlement of the critical plane. When 
this case occurs, the plane of equal settlement is right at the top of the conduit 
and coincident with the critical plane; the interior and exterior prisms of soil 
move downward equally throughout their full height and no shearing stresses 
are induced, with the result that the load on the structure is equal to the 
weight of the prism of soil directly over it. Some typical settlement situations 
affecting loads on projecting conduits are illustrated in Fig. 6. (The solid 



CONDITION CONDITION 

Fio. 6 . — Typical Skttlkment Conditions Affbctino Loads on Pbojxctiho Conduits 


horizontal lines represent imaginary planes of embankment before settlement. 
The broken lines represent the same planes after settlement.*) 

In the mathematical analysis of loads on projecting conduits, the net effect 
of all these settlement factors, both as to magnitude and direction of the rela¬ 
tive movements of the three prisms of soil, is combined into an abstract ratio 
known as the ‘‘settlement ratio,” which is defined as the ratio of the difference 
between the settlement of the critical plane and the top of the conduit, to the 
deformation of the fill material adjacent to the conduit within the vertical 
distance between the top of the conduit and the natural ground line. Dean 
Marston defined this ratio on the basis of the settlements of the various ele¬ 
ments which are produced by that section of the fill above the plane of equal 
settlement. 

For purposes of calculating the external vertical loads on projecting con¬ 
duits, the field conditions affecting the loads are conveniently grouped into 
four subclassifications based on the magnitude of the settlement of the interior 
prism relative to that of the exterior prisms and, therefore, the direction of 
the shearing stresses, and the height of the embankment in relation to the 
height of equal settlement. These four conditions are: (1) The complete pro¬ 
jection condition, (2) the incomplete projection condition, (3) the complete 
ditch condition, and (4) the incomplete ditch condition. 

* **Znye8tisation of Loads on Three Cast Iron Pipe Culverts Under Rock Fills/' by M. Q. Spangler, 
Bulletin No, 104f Iowa Eng. Experiment Station, Ames, Iowa, 1031, p. 26. Fig. 11. 
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They are defined as follows: 

(1) The “complete projection condition” prevails when the top of the 
conduit settles less than the critical plane and when the height of the embank¬ 
ment is less than the theoretical height of equal settlement. 

(2) The “incomplete projection condition” prevails when the top of the 
conduit settles less than the critical plane and when the height of the embank¬ 
ment is greater than the height of equal settlement. 

(3) The “complete ditch condition” prevails when the top of the conduit 
settles more than the critical plane and when the height of the embankment 
is less than the theoretical height of equal settlement. 

(4) The “incomplete ditch condition” prevails when the top of the conduit 
settles more than the critical plane and when the height of the embankment is 
greater than the height of equal settlement. 

Mathematical Derivation of Load Formulas for Projecting Conduits 

Dean Marston defines^* * the various settlements, y, as the ^‘* * * incre¬ 
ments due to the addition at or above the height of equal settlement of any 
[the same for all] incremental uniform layer of fill materials.” A settlement 
ratio is defined as the ratio of the difference between the settlement of the 
critical plane and the top of the conduit of the fill adjacent to the conduit 
within the height p be (Fig. 5) caused by the fill material above the plane of 
equal settlement. In other words: 

g ^ (.Vm + y.) - (y/ + y.) 

Vm 

in which ijg is the settlement of the embankment subgrade adjacent to the 
conduit, in feet; y/ is the settlement of the flow line of the conduit; ye is the 
deflection of the conduit—that is, the shortening of its vertical dimension; and 
ym is the deformation of the filling material adjacent to the conduit within the 
height p he in feet—that is: 


_ (He - He) y ^ . 

Vm — p be 


(46) 


in which Ef is the modulus of deformation of the filling material. The settle¬ 
ment of the “critical plane,” in this notation is + y^ and the settlement of 
the top of the conduit is y/ + J/e. In Eq. 4a, 5 is negative for the “incomplete” 
ditch condition and positive for the “incomplete” projection condition. 

Considering first the complete ditch and projection conditions (Fig. 7(a)), 
in which He < the vertical forces on any thin horizontal element of the 
interior prism may be equated as follows: 

P + dP P ■{■yh.dHp ±2K ny^dHp .(5a) 

be 


• **The Theory of External Loada on Closed Conduits in the Light of the Latest Experiments,” by 
Anson Marston, B-uUHin No. 96, Iowa Eng. Experiment Station, Ames, Iowa, 1030. 
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The solution of this equation is 


P 


T 


- 1 
±2KtJL 


(56) 


in which fi is the coefficient of internal friction of the filling material, and to 
simplify typography (compare Eq. 2o): 




2Kul 

be 


(5c) 


At the top of the conduit, P == We and Hp = He\ therefore: 

We-^Ceyh\ . 

in which the load coefficient for projecting conduits is represented by: 

_ I 


Cc 


zh 2 K fi 


(ба) 

( бб ) 


in which He is the height above the top of a conduit. In Eq. 66 the plus signs 
are used for the complete projection condition and the minus signs for the 
complete ditch condition. 


Top of Embankment—^ 



Considering the incomplete ditch and the incomplete projection conditions 
(Fig. 7(6)), in which H, > He, and again equating the vertical forces on a thin 
horizontal element: 


P + dP ^ P + ybedH,±2Kn^^ dHp 


(7a) 
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When = 0, P = (P* — H^) y K and the solution of this differential 
equation (Eq. 7a) is: 


p _ 


y ... (7ft) 


At the top of the conduit, P = TF* and Hp = He] therefore, in Eq. 6a, the load 
coefficient (7* becomes: 




, fHe 
db2Kn ~^\bc 


t) '*"• 


( 8 ) 


As before, the plus signs are applicable to the incomplete projection con¬ 
dition and the minus signs apply to the incomplete ditch condition. 

To derive an expression for evaluating P*, the following two conditions arc 
assumed: 

а. The internal friction in the embankment materials distributes the infi¬ 
nitely small increments or decrements of pressure from shear into the interior 
prism below the plane of equal settlement in such manner that their effect on 
settlement may be assumed to be substantially the same as for uniform vertical 
pressure; and 

б, The internal friction in the embankment materials distributes the infi¬ 
nitely small decrements or increments of pressure from shear into the exterior 
prisms so completely that their effect on settlement may be neglected. 

Equating the settlements in the exterior prisms and the settlements in the 
interior prism caused by the fill material above the plane of equal settlement: 


1H, + „ + (9, 

In Eq. 9, using Eqs. 4: 


e^fH. ^2 K = ±2A'ju«/>+l. 

Oc 


.( 10 ) 


In the three quantities of Eq. 10 the +, —, and + signs are used for the 
projection condition; and the —, +, and — signs, respectively, are used for 
the ditch condition. 

Eq. 10 must be solved by trial, since it contains P, as an exponent of e, 
the base of natural logarithms (see Eq. 5c). 

As in the case of ditch conduits, the solution of these various expressions 
for loads on projecting conduits is made easy by the construction of a load 
coefficient diagram,^-* as shown in Fig. 8. For selected values of the **settle- 
ment*^ ratio and the “projection** ratio (5 p) and given values of He/be the 
proper value of the coefficient is read from the curves and substituted in 
Eq. 6a. Comparisons between actual weighed loads in carefully conducted 
experiments and loads computed by Dean Marston*s load theory are shown 
in Fig. 9. 

f "The Theory of External Loads on Closed Conduits in the Light of the Latest Experimenta,” by 
Anson Marston, Bulletin No. 96, Iowa Eng. Experiment Station, Ames, Iowa, 1030, p. 14, Fig. 3. 

• “The Supporting Strength of Rigid Pipe Culverta/* by M. G. Spangler, Bulletin No. lit, Iowa Eng. 
Experiment Station, Ames, Iowa, 1033, p. 46. Fig. 18. 
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Several alternate methods of determining the value of have been investi¬ 
gated, including an analysis in which the settlement ratio was based on the 
total settlements of the various elements of the fill and of the conduit caused 
by the total height of embankment. The loads obtained by this alternate 
analysis were nearly the same as those obtained by Dean Marston's original 


jj 

analysis, being somewhat less for high values of ^and b p. 

Oe 



Values of Coefficient, 

Pia. 8.—Computation Dzagbam fob Extkrnai. Loads on Conduits (iT i* » 0.1924) 


Working values of p, the coefficient of internal friction of the embankment 
material, may be determined by soil tests in a particular case. However, 
Dean Marston has shown that the variation in load on a projecting conduit is 
relatively small for wide variations of the coefficient of internal friction. For 
example, when this coefficient varies from about 0.3 to 1.0, corresponding to 
angles of friction from about 17® to 45®, the product K p varies from about 
0.17 to 0.1924 and back to 0,17. Since the load is dependent upon the prod- 
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uct K fA and not on /x alone, a value ol K n » 0.19 may reasonably be chosen as 
a safe working value for most cases of projecting conduit loads. 

Time Effect on Loads 

To study the effect of time on the loads produced on culverts by earth 
embankments, three test culverts supported on weighing devices were built 
and loaded with a 15-ft embankment late in the fall of 1927, and observations 
of the loads on these structures have been made periodically since that date. 



Fxo. 9 . — CoMPABXSON BuTWBaM Actuai. Wbzohsd Loads on Projecting Conduits 


This load history shows that the maximum load was reached in April of the 
following spring after the fill was completed, after which the load fell off 
somewhat, reaching a low point about 10% below the maximum in the follow¬ 
ing October and November. Since that date, the load has fluctuated between 
these approximate limits, reaching the maximum for each year early in the 
spring and the minimum late in the fall. 

Eq. 10 for has been derived for the -assumed case in which the fill ma¬ 
terial has a uniform modulus of deformation throughout; and it is emphasized 
that the value of H, is independent of the value of this modulus. In other 
words, even if the fill material is thoroughly compacted during placement 
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and a high value of the compression modulus is attained, the direction of the 
relative settlements of the interior and exterior prisms and the height of equal 
settlement will not be affected thereby. 

The settlement ratio is wholly rational in the theoretical analysis of loads 
on projecting conduits. However, except in unusual cases it will not be 
practicable to predict the value to use in the design of a given structure on the 
basis of individual study and analysis of the soil at a proposed site. It has 
been deemed advisable and appropriate, therefore, to consider the settlement 
ratio as a semi-empirical factor and to determine proper design values on the 
basis of the observed performance of projecting conduits in service. 

Rather extensive field measurements of the settlement characteristics of 
some actual culverts under the highways of Iowa and southern Minnesota, 
which have been conducted by the Iowa Engineering Experiment Station in 
cooperation with the Public Roads Administration, Federal Works Agency, 
tentatively indicate the following working values for the settlement ratio—for 
rigid culverts on: 


Foundfttion material 6 

Rock or other un 3 rielding material. +1.0 

Ordinary earth. + 0.5 to + 0.8 


Observations of the settlement ratio have been made on a few flexible type 
culverts in actual service, but the number of specimens is limited. These 
measured values ranged from 0 to + 0.7 and they varied directly with the 
values of the modulus of passive pressure of the side-fill materials. It appears, 
therefore, that high quality densification of the side fills around a flexible pipe, 
for the purpose of increasing the modulus of passive pressure, tends to increase 
the load on the pipe. However, the ultimate deflection of the pipe is decreased 
by this practice, since the increase in supporting strength of the pipe more than 
offsets the effect of the increased load. 

Unusual installation conditions may cause exceptional values of the settle¬ 
ment ratio and of the load to develop. For example, a case has come to the 
writer^s attention where a highway fill was built across a salt marsh underlain 
with stiff clay at about 10 ft or 12 ft below the surface. A concrete pipe 
culvert was built prior to construction of the fill. To reduce the expected 
settlement of the culvert and to increase its supporting strength, the pipes 
were laid in a well-designed concrete cradle, which in turn was supported on 
piles driven into the clay stratum. Shortly after the fill was completed this 
culvert collapsed, even though it was constructed of excellent reinforced 
concrete pipe. Although no settlement data are available, it seems probable 
that the fill material at the sides (the “exterior prisms”) settled a very large 
amount due to the soft spongy character of the marsh bed, whereas the culvert 
resting on piles driven to the stiff clay could not settle. Under these conditions 
the critical plane probably settled much more than the top of the culvert, 
causing a very high positive value of the settlement ratio and a very high load 
to develop. 
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Imperfect Ditch Conduits 

In the early days of Dean Marston’s researches on conduit loads, he was 
impressed by the very high loads that may develop on projecting conduits when 
the conditions are such that large shearing forces add to the weight of the 
prism of soil directly over the conduit, and he strove to devise a method of 
construction that would reduce or eliminate these shearing forces, or would 
possibly reverse their direction so that they would act benevolently as in the 
case of ditch conduits. With this objective in mind, he developed the im¬ 
perfect ditch method of construction in which the soil on both sides and above 
the conduit for some distance above its top is thoroughly compacted by rolling, 
tamping, or any other suitable method. Then a ditch is constructed in this 
compacted fill by removing the prism of material directly over the conduit. 
The ditch is refilled with very loose compressible material, after which the 
embankment is completed in a normal manner. 

The purpose of this method of construction is accomplished by creating 
a condition wherein it is certain that the prism of material directly over the 
conduit will settle more than the adjacent prism; the ditch in the artificially 
compacted material must be deep enough and the refilling material must be 
loose enough to insure this action. Straw or other highly compressible material 
may be used as part of the ditch backfill to augment the settlement of the 
interior prism. The efficacy of this method of construction was demonstrated 
by a series of experiments conducted by Dean Marston from 1919 to 1921, in 
which the load on a conduit was measured, first, when the fill was constructed 
in the ordinary manner for a projecting conduit, and, second, when the fill 
was constructed by the imperfect ditch method. The loads measured in these 
experiments are shown in Fig. 9(a). 

Surface Loads 

In addition to external loads imposed by the filling material around and 
above underground conduits, these structures are also subjected to loads 
resulting from highway, railway, or airplane traffic or from other types of loads 
applied at the surface and transmitted through the soil to the underground 
structure. Such loads are of major importance when a conduit is placed under 
a trafficway with a relatively shallow covering of earth. 

John H. Griffith, M. ASCE, was among the first to suggest the applica¬ 
bility of the Boussinesq solution* for the distribution of stress in a semi-infinite 
elastic solid to various problems of stress distribution in soils in a report pre¬ 
pared for a subcommittee on soils of the United States Bureau of Standards of 
whicfi he was chairman. Extensive experiments^®'” on both ditch and pro¬ 
jecting conduits subsequent to this suggestion have shown that a concentrated 
surface load, such as a truck wheel, is transmitted through the soil covering to 
the underground structure substantially in accord with the Boussinesq solution. 

* "Revised Report of Suboommittee on Soils/* U. S. 'Bureau of Standards, Procesdtnps, ASCE, Vol. 
XLVI, 1920, pp. 916-941. 

‘*The Causes of Structural Failures of Sewers/* by Anson Marston and M. G. Spangler, Proct«dino», 
Am. Soo. of Municipal Engrs., Vol. 38, 1933, p. 236. 

'^Experimental Determinations of Static and Impact Loads Transmitted to Culverts,** by M. G. 
Spangler, Clyde Mason, and Robley Winfrey, Bulletin No. 79, Iowa Eng. Experiment Station, Ames, 
Iowa, 1926. 
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From these facts, the load on an underground conduit due to a concentrated 
surface load may be expressed as: 

Wp .( 11 ) 

in which IFp is the average load on an underground conduit due to a concen¬ 
trated surface load, in pounds per linear foot; P© is a concentrated surface load, 
in pounds; P, is an impact factor; L is the length of the conduit, in feet; and C< is 
a coefficient for load on an 
underground conduit due to a 
concentrated surface load. 

The coefficient may be 
calculated by dividing the area 
of the top of the conduit or its 
horizontal projection, L 6«, into 
a number of small areas as il¬ 
lustrated in Fig. 10, and sum¬ 
ming up the total pressure on 
all these small areas, accord¬ 
ing to the formula: 

in which a is the area of an 

I , . e L -LT —Computation or the Concentrated Surface 

element, in square leet; He Load Transmitted to an Undbroround Conduit 

is the vertical height from 

the top of the conduit to the embankment surface, in feet; and H» is the 
slant height, in feet, from the center of each element to the point of application 
of the load; that is: H, — + 2/* + in feet. 

Early in 1929 D, L. Holl integrated this expression for Ct and obtained: 




Eq. 126 can be evaluated^* readily by the table prepared by N. M. New- 
mark,^* M.ASCE, for determining stresses in the soil beneath uniformly loaded 
rectangular foundations. 


^ **A Method of Computing Live Loads Transmitted to Underground Conduits,” by M. Q. Spangler 
and Richard L. Henneesy. Proceedingt, Highway Research Board, National Researcll Council, Vol. 26, 
1946, p. 179. 

u **Simplified Computation of Vertical Pressures in Elastic Foundations,” by Nathan M. Newmark. 
Circular No. M4, Eng. Experiment Station, Univ. of Illinois, Urbana, Ill., 1936. 
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Values of Ct for conduits 3 ft long of various widths, be ,are shown^^ in Fig, 11 
for various heights of fill up to 10 ft. When fill loads and surface loads are 
combined to obtain the design load on an underground conduit, the minimum 
load will be found to occur when the height of fill is relatively low over the top 
of the structure. 

The impact factor, F*, is equal to unity when the surface load is static. 
When it is moving, as in the case of truck or airplane wheels, the value of F,- 
may vary widely depending on speed of the vehicle, vibratory action, wing 
uplift, and most important, on roughness characteristics of the roadway 

surface. Experiments* have indicated 
design values of F< ranging from 1.5 
to 2.0 for highway traffic on an unsur¬ 
faced roadway. 

Professor Griffith gave extensive 
consideration to problems of the trans¬ 
mission of stress through soils and the 
applicability of the Boussinesq classi¬ 
cal solution to them. In 1929 he de¬ 
veloped a generalized expression'** for 
the intensity of vertical pressure in a 
soil mass due to a concentrated surface 
load in the form: 





cos’'+* 9 


.(13) 


Values of 

Fig. 11. -CONCEKTRATBD SuBFACB LOAD COSF- 

riOlBNTS FOB Undbbgbound (L — 3 Ft) 


in which P, is the intensity of pressure 
at a point in the soil mass; Po is the 
concentrated load applied at a point on 
the surface; 6 is the angle formed with 
the vertical by the radius vector from 
the point of application of the surface 
load to the point considered; z is the vertical distance from the surface to the 
point; and v is a disposable parameter, often referred to as the ^‘concentration’* 
factor or *‘dispersion” factor. 

Professor Holl'® has utilized Eq. 13 in the solution of a number of problems 
dealing with the transmission of surface loads through soil masses. 


The Supporting Strength op Underground Conduits 

Underground conduits are constructed in a wide variety of shapes and of 
many different structural materials. In general, the load on a conduit is inde¬ 
pendent of its shape and the material of which it is made. In contrast, the 
supporting strength of a conduit is intimately dependent upon its shape and 
the kind and quality of material of which it is made. The remainder of this 

14 ••The Theory of External Loads on Closed Conduits in the Light of the Latest Esn^ments.” by 
Anson Marston, Bulletin No. 96^ Iowa Eng. Experiment Station, Ames, Iowa, 1931, p. 19, Pig. 5. 

''Dynamics of Earth and Other Macroscopic Matter," by John H. Griffith, Bulletin No. 117, Iowa 
Eng. Experiment Station, Ames, Iowa, 1934. 

"Stress Transmission in Elartha," by D. L. Hoil, Proeeedinge, Highway Research Board, National 
Research Council, Vol. 20. 1940, p. 709. 
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paper will be devoted to a discussion of the supporting strength of a number 
of commonly used types of conduits. 

Monolithic Arch and Box CulverU or Sewers .—These monolithic types of 
reinforced concrete structures may be designed satisfactorily by any current 
procedures for analysis of rigid frame structures. Numerous measurements of 
the distribution of the vertical load on both rectangular and circular shaped 
culverts due to the earth overburden have indicated that it is essentially uni¬ 
formly distributed over the width of the conduit and may be so considered for 
design purposes.. Culverts may or may not be subjected to active lateral 
pressure on all or part of their side-wall areas, depending on the local situation. 

Some laboratory experiments*’ on the supporting strength of monolithic 
box culverts indicate that the actual supporting strength exceeds the calculated 
strength until the concrete of the top slab cracks, after which the actual 
strength very closely approximates the calculated strength. 

Rigid Circular Pipes .—Rigid circular pipes, which are usually pre-cast of 
such materials as burned clay, plain or reinforced concrete, or cast iron, are 
difficult to analyze by principles of mechanics; and, since they are usually 
relatively small structures, their supporting strength can be most easily deter¬ 
mined by testing a representative group of specimens in the laboratory. 
Several methods of testing short sections of circular pipes have been devised** 
—the two-edge bearing, the three-edge bearing, the sand bearing, and the 
Minnesota bearing tests—the details of which are shown in Fig. 12. Of these, 



(a) THREE-EDGE 
BEARING 



ib) SAND 
BEARING 


(c) TWO-EDGE 
BEARING 


(</) MINNESOTA 
BEARING 


Fio. i2. —Typical BsAuiNvib por Laboratory Tbstb of Pipbs 


the three-edge bearing test (Fig. 12(a)) is the simplest and most easily per¬ 
formed. At the same time it gives accurate and uniform results, and for these 
reasons it is widely used in tests to determine the strength of pipes, although 
some engineers prefer the sand bearing test (Fig. 12(6)) because of the wider 
distribution of both the applied load and reaction. 

The test load and reaction on the pipe are distributed differently in each 
of these types of tests and the ultimate load or supporting strength will like- 

“The Supporting Strength of Reinforced Concrete Box Culverte,” by George C. Pagela, thesis pre¬ 
sented to Iowa State College, Ames, Iowa, in 1935 in partial fulfilment of the requirements for the degree 
of Master of Science. 

u “The Supporting Strength of Rigid Pipe Culverts,*' by M..Q. Spsni^er, RuUcItn No. 11$, Iowa Eng. 
Experiment Station, Ames, Iowa, 1933, p. 13, Fig. 5. 
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wise be different. It is convenient to express the supporting strength of a pipe 
in terms of its strength when tested by the three-edged bearing method, taken 
as unity, by a load factor or strength ratio which is deffned as the ratio of the 
strength of a pipe under any stated condition of loading to its three-edge 
bearing test strength. The following values of load factor or strength ratio 
for the other three test methods shown in Fig. 12 are applicable: 


Test Load factor 

Sand bearing. 1.5 

Two-edge bearing. 1.0 

Minnesota bearing. 1.1 


Likewise when a pipe is placed and loaded in an actual held installation, 
the loads and reactions will be distributed much differently than in the test 
loading; and, in certain cases, lateral pressures will be exerted against the sides 
of the pipe thereby increasing its ability to support vertical loads. 

A wide variety of bedding conditions affecting the load and reaction dis¬ 
tribution and the lateral pressure situation may be encountered in sewerage, 
water works, and culvert construction practice; and a wide variety of support¬ 
ing strengths of a given conduit may be obtained simply by varying the installa¬ 
tion conditions. It is feasible to establish and define classifications of bedding 
conditions covering a range of practical attainments and determine a load 
factor for each classification which, when multiplied by the three-edge bearing 
laboratory strength of the pipe, will give the safe supporting strength for pipes 
installed in accordance with the definition of that classification. 

Ditch Conduit Beddings 

For ditch conduits used in sewerage and drainage construction, the follow¬ 
ing bedding classifications have been defined^®-*®**! illustrated in Fig. 13. 



(a) NOT 
PERMISSIBLE 



(b) ORDINARY 



CRADLE 


Fia. 13.— ^Typicax. Bsddinq Spbcifications fob Sbwbrs and Othbh Ditch Conduits 


Bedding conditions for cast-iron pipe in water works construction will be dis¬ 
cussed subsequently. 


M “The Supporting Stren^h of Sewer Pipe in Ditches and Methods of Testis Sewer Pipe in Labora¬ 
tories to Determine Their Ordinary Supporting Strength/' by Anson Marston, W. J. Schlick, and H. F. 
Clemmer, Bulletin No. 47, Iowa £ng. Experiment Station, Amee, loWa, 1917. 

M"Supporting Strength of Drain Tile and Sewer Pipe Under Different Pipe-Laying Conditions," 
by W. J. Sohliok, Bulletin No. 67, Iowa Eng. Experiment Station, Amee, Iowa, 1920. 

» "Concrete Cradles for Large Pipe Conduits," by W. J. Schliok and James W. Johnson, Button No. 
SO, Iowa Eng. Experiment Station, Ames, Iowa, 1926. 
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1. “Impermissible’^ bedding (Fig. 13(o)) is that method of bedding ditch 
conduits in which little or no care is exercised to shape the foundation to fit 
the lower part of the conduit exterior and to refill all spaces under and around 
the conduit. 

2. “Ordinary” bedding (Fig. 13(6)) is that method of bedding ditch con¬ 
duits in which the conduit is placed with “ordinary” care in an earth foundation 
shaped to fit the lower part of the conduit exterior w-ith reasonable closeness 
for a width of at least 50% of the conduit breadth. The remainder of the 
conduit is surrounded to a height of at least 0.5 ft above its top by granular 
materials, shovel placed and shovel tamped to fill completely all spaces under 
and adjacent to the conduit—all under the general direction of a competent 
engineer. 

3. “First-class” bedding (Fig. 13(c)) is that method of bedding ditch con¬ 
duits in which the conduit is set on fine granular materials in an earth founda¬ 
tion carefully shaped to fit the lower part of the conduit exterior for a width 
of at least 60% of the conduit breadth. The remainder of the conduit is 
entirely surrounded to a height of at least 1.0 ft above its top by granular 
materials carefully placed by hand to fill, completely, all spaces under and 
adjacent to the conduit. The fill is tamped thoroughly on each side and under 
the conduit as far as practicable in layers not exceeding 0.5 ft thick—all under 
the direction of a competent engineer represented by a competent inspector 
constantly present during the operation. 

4. “Concrete-cradle” bedding is that method of bedding conduits in which 
the lower part of the conduit exterior is set in plain or reinforced concrete, of 
suitable thickness, under the lowest part of the conduit exterior and extending 
upward on each side of the conduit for a greater or less proportion of its height. 

The load factor for each of these bedding classifications has been deter¬ 
mined experimentally to be: 


Figure No. Bedding Load factor 

13(a) Impermissible. 1.1 

13(6) Ordinary. 1.5 

13(c) First class. 1.9 

13(d) Concrete cradle. 2.2 to 3.4 


Projecting Conduit Beddings 

In culvert construction practice, rigid pipes are often installed as projecting 
conduits and the fill material may exert an active lateral pressure against the 
sides of the pipes, which tends to increase the supporting strength of the 
structure. The supporting strength of a projecting conduit, therefore, is a 
function of both the distribution of the vertical load and the reaction on the 
pipe, and the magnitude and distribution of the active lateral pressure on sides 
which are exposed to the embankment filling material. 

Because of the large number of possible combinations of reaction distribu¬ 
tions and effective lateral pressure distributions, the experimental determina¬ 
tion of load factors for projecting conduits has been supplemented by analytical 
studies of the stress situation in pipe rings under various combinations of loads 
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and lateral presaures.^^ By definition, the load factor is 


F, 


A 

R»h 


(14a) 


in which Fp is the load factor; Re is the supporting strength of the pipe in 
any stated loading condition; and Reb is the three-edge bearing supporting 
strength of the pipe. 

Except for the normal variations in physical properties of the material of 
which culvert pipes are made, it is sufficiently accurate to assume that the 
outer fiber stress at the point and at the time of rupture will be the same 
whether the pipe is loaded in a testing machine or in an actual embankment. 
Therefore, the thin ring elastic theory and the flexure formula may be used to 
express the outer fiber stress in terms of the loads on the pipe in the field and 
laboratory loadings; and, by equating these expressions, the load factor is 
readily determined. When the field loading situation is such that the pipe 
cracks first at the bottom, this process leads to the formula: 


F 


p 


1.431 

Xp - Xa Kt 


(146) 


in which Xp is a parameter which is a function of the distribution of the 
vertical load and vertical reaction; Xa is a parameter which is a function of the 
area of the vertical projection of the'pipe on which the active lateral pressure 
of the fill material acts; and Kt is the ratio of the total lateral pressure to the 
total vertical load. 

When the load and reaction situation causes the pipe to crack first at the 
top (which is usually the case when pipes are bedded in concrete cradle), 
X'p and X'a should be substituted for Xp and Xa in Eq. 146. Values of the 
parameters Xa and X*a for various projection ratios are as follows: 


Projection ratio, p Values of Values of 

0 . 0 0.160 

0.3. 0.217 0.743 

0,5. 0.423 0.856 

0.7. 0.549 0.811 

0.9. 0.655 0.678 

1.0. 0,638 0.638 


As in the case of ditch conduits, it is convenient to name and define several 
classes of bedding conditions for projecting conduits and to determine a value 
of Xp or X'p for each class. These classes of bedding are defined as follows:*^ 

1. “Impermissible projection bedding” is that method of bedding projecting 
conduits in which little or no care is exercised either to shape the foundation 
surface to fit the lower part of the conduit exterior or to fill all spaces under 
and around the conduit with granular materials. This type of bedding also 
includes the case of conduits on rock foundations in which an earth cushion is 

at**The Supportins Streagth of Rigid Pipe Culverts," by M. G. Spangler, BtUleUn No. 11$, Iowa Eng. 
Experiment Station, Ames, Iowa, 1933. 

“/Wd., p. 16, Fig. 6. 
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provided under the conduiti but is so shallow that the conduit, as it settles 
under the influence of vertical load, approaches contact with the rock. 

2. “Ordinary projection bedding*' is that method of bedding projecting 
conduits under embankments in which the conduit is bedded with “ordinary" 
care in an earth foundation shaped to fit the lower part of the conduit exterior 
with reasonable closeness for at least 10% of its over-all height. The remainder 
of the conduit is surrounded by granular materials, placed by shovel to fill all 
spaces completely under and adjacent to the conduit—all under the general 
direction of a competent engineer. In the case of rock foundations, the pipes 
are bedded on an earth cushion, having a thickness under the pipe of not less 
than 0.5 in. per foot of height of fill, with a minimum allowable thickness of 
8 in. 

3. “First-class projection bedding" is that method of bedding projecting 
conduits, having a projection ratio not greater than 0.70, in which the conduit 
is carefully bedded on fine granular materials in an earth foundation carefully 
shaped to fit the lower part of the conduit exterior for at least 10% of its over¬ 
all height. The earth filling material is thoroughly rammed and tamped, in 
layers not more than 6 in. deep, around the conduit for the remainder of the 
lower 30% of its height—all under the direction of a competent engineer, 
represented by a competent inspector constantly present during the operation. 
In the case of rock foundations, the pipes are bedded in an earth cushion having 
a depth as provided under ordinary projection bedding. 

4. “Concrete-cradle projection bedding" is that method of bedding con¬ 
duits in which the lower part of the conduit exterior is bedded in a cradle, 
constructed of 2,000-lb concrete, or better, having a minimum thickness 
under the pipe of one fourth of the nominal internal diameter and extending 
up the sides of the pipe for a height equal to one fourth of the outside diameter. 
The values of Xp for these bedding classes are as follows: 


Type of projection 

Value 

bedding 

olXp 

Impermissible. 

. 1.310 

Ordinary. 

. 0.840 

First class. 

.0.707 

Concrete cradle (X'p). 

.0.505 


Working values of the load factor Fp, computed for rigid culvert pipes 
installed as projecting conduits on ordinary, first-class, and concrete-cradle 
beddings, with various projection ratios and a value of the settlement ratio of 
0.7 are shown in Fig. 14. The general correctness of the foregoing analytical 
method of determining load factors has been established by a series of experi¬ 
ments in which ten pipe culverts of four kinds of material—plain concrete, 
reinforced concrete, burned clay, and cast iron—were loaded by earth embank¬ 
ments and their supporting strengths determined. Then samples of pipes 
representative of each of the ten culverts were tested in the laboratory by the 
three-edge bearing test and the ratios of the field and laboratory strengths 
were obtained.*^ 

M "The Supporting Strength of Rigid Pipe Culverte/' by M. Q. Spangler. BuUetin No. lie, Iowa Eng. 
Experiment Station, Ames, Iowa. 1933, p. 63. 
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CONCRETE-iNCAjSED ClAY PiPE 

Circumstances may arise under which an engineer may wish to increase the 
strength of clay pipes by incasing them in concrete. Some extensive experi¬ 
ments®* in which commercial vitrified salt-glazed clay pipe was incased in plain 
concrete and the combined structure tested in both sand and three-edge 
bearings have indicated that the test strength is only slightly greater than the 
sum of the individual supporting strengths of the clay pipe and of the incase- 



Values of Load Factor 

Fia. 14.—^WoRKiHO Val-uks or th® Load Factor for Projectinq Conduits (8 = 0.70) 


ment. The action of the incased pipe was very nearly that of two independent 
but concentric rings—the supporting strength of the combined structure being 
very much less than if the two materials had acted as a unit in resisting the 
stresses due to the test load. As a result of these experiments, computations 
have been made of the three-edge bearing supporting strength of A.S.T.M. 
(American Society for Testing Materials) standard sewer pipe when incased in 
concrete of various thicknesses. The results of these computations are shown 
in Fig. 15. 

The Supporting Strength op Cast-Iron Pipe When Subjected 
TO Internal Pressure 

When used for the transportation of water, gas, or other fluids, cast-iron 
pipe conduits not only are subjected to the ring stresses produced by the 

* '’Supporting Strength of Conorete-Inoaaed Ch^ Pipe,** by W. J. Sohliok, Bulletin No. 93, Iowa Eng. 
Experiment Station, Ames, Iowa, 1029. 
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external loads due to backfilling and surface loads, but in addition must resist 
the stresses produced by the internal fluid pressure as well. Since 1939 com¬ 
pleted studies®®**^*® on the supporting strength of this kind of pipe under 
combined loads and pressures 
indicated an approximately 
parabolic relationship between 
the magnitude of the external 
load and the internal pressure 
which is required to cause fail¬ 
ure of the pipe. The external 
loads may be those for any 
loading condition, although usu¬ 
ally it will be most convenient 
to test the pipe in three-edge 
bearings and then apply the 
proper strength ratio or load 
factor to calculate the equiva¬ 
lent supporting strength under- 
any particular field condition of 
installation. 

Safe design values of the strength ratio have been determined for cast-iron 
pit-cast pipes installed under six different field conditions, as follows: 


OondiUon Trench Backfill 

A.Flat bottom Untamped 

B.Flat bottom Firmly tamped under and around pipe 

C.Pipe laid on blocks Untamped 

D.Pipe laid on blocks Firmly tamped under and around.pipe 

E.Shaped bottom Untamped 

F.Shaped bottom Firmly tamped under and around pipe 


Quoting W. J. Schlick,*® M. ASCE: 

“The safe design values of the strength ratio for these field conditions 
are shown for nominal pipe diameters from 4“ to 60" [in Fig. 16]. The 
values shown in this figure have been adopted by Sectional Committee 
A21 of the American Standards Association, with whom this research work 
was conducted on a cooperative basis. They are based directly upon the 
experimental results although those adopted for conditions B and F have 
been reduced from the experimental values in the belief that the tamped 
earth beddings in the laboratory tests were more carefully made and there¬ 
fore more effective than is safe to assume for field conditions.” 

*» “A Proposed New Method for Determining Barrel Thicknesses of Cast Iron Pipe,** by T. H. Wiggin, 
M; L. Enger, and W. J. ^hliok, Jowmal, A.W.W.A., May, 1939, p. 841. 

« “American Recommended Practice Manual for Computation of Strength and Thickness of Cast 
Iron Pipe** (A21.1), A.B.A., 1939. 

M “Supporting Strength of Cast-Iron Pipe for Water and Gas Service,*' by W. J. Schliok, BvlUtin. No. 
Iowa Eng. Experiment Station, Ames, Iowa, 1940. 

»Ibid., p. 8, Fig. 2. 
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Flexible Pipes 

In general, it may be stated that underground conduits derive their capacity 
to support the earth above them from two sources: First, the inherent strength 
of the pipe to resist external pressures; and, second, the lateral pressure of 
the soil at the sides of the pipe. In rigid pipes such as those made of concrete, 
cast iron, and burned clay, the inherent strength of the pipe is the predominant 
source of supporting strength. 

In flexible pipes such as corrugated metal culverts and thin-walled steel 
conduits, the situation is reversed. The pipe itself has relatively little inherent 

strength, and a large part of its ca¬ 
pability of supporting vertical load 
must be derived from the passive 
pressures induced as the sides move 
outward against the soil. 

Another major difference be¬ 
tween the rigid types of conduits 
and the flexible types is that the 
latter fail by deflection rather than 
by rupture of the pipe walls, as do 
the former. The action of a flexible 
pipe under embankment loading is 
one of large deflection change un¬ 
accompanied by rupture of the pipe 
wall; and, for this reason, the design 
of the flexible types of conduits 
should be based upon the deflection 
of the ring rather than upon stress 
in the side walls as in the case of 
the rigid types. This statement is 
predicated on the assumption that 
the longitudinal joints in the flexible 
pipe are sufficiently strong to develop the pipe wall as a continuous ring. 

Laboratory tests®® of short sections of corrugated metal culvert pipes of 
various diameters and gages of metal have indicated that the elastic theory of 
flexure as applied to thin rings by Claude W. L. Filkins and Edwin J. Fort,“ 
M. ASCE, is applicable to these flexible conduits, even if the deflections and 
changes in radius of the elastic ring are relatively very large. Therefore, if 
the loads and pressures acting on a flexible pipe are known or can be assumed 
confidently, the deflection of the pipe can be determined by this theory within 
the elastic limit of the pipe material. Typical results of laboratory measure¬ 
ments of diameter changes under three-edge loading conditions are shown in 
Fig. 17. 

80 "The Struotural Design of Flexible Pipe Culyerte,** by M. Q. Spangler, BuUeHn No. JSS, Iowa Eng. 
Experiment Station, Amee, Iowa, 1941. 

*i"Streeeee and Deflections in Circular Rings Under Various Conditions of Loading,*' by Claude 
W. L. Filkins and Edwin J. Fort, TrantaeUono, Assn, of Civ. Engre. of Cornell Univ., Ithaoa, N. Y., Vol. IV, 
1806, pp. 09-112. 



Diameter of Pipe, in Inches 


Fia. 16 .—WoBKiNQ Values of Stremoth Ratio 
FOR Cast-Iron Pit-Cast Pipe in 
Six Field Conditions 
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A number of field loading experiments on corrugated metal pipe culverts, 
in which the vertical and lateral pressures and the deflections of the pipes were 
measured have led to the following conclusions regarding soil pressures and 
deflections of flexible con¬ 


duits: 

1. The vertical load may 
be determined by Dean Mar- 
ston’s theory of loads on 
conduits; it is distributed ap¬ 
proximately uniformly over 
the breadth of the pipe. 

2. The vertical reaction 
is equal to the vertical load 
and is distributed approxi¬ 
mately uniformly over the 
width of bedding of the 
pipe. 

3. The horizontal pres¬ 
sure on each side of the pipe 
is distributed parabolically 
over the middle of 100® of 
the pipe, and the maxi¬ 
mum unit pressure (which 
occurs at the ends of the 
horizontal diameter of the 
pipe) is equal to the mod¬ 
ulus of passive resistance 
of the fill material multi¬ 
plied by one half of the horizontal deflection of the pipe. 

4. The pipe may continue to deform for some period of time after the 
maximum fill load has developed, due to continuing deformation of the side 
fills under lateral pressure. The assumed loading is shown graphically” in 
Fig. 18. The expression for horizontal deflection resulting from these hy¬ 
potheses is: 




Fio. 


0 1 2 3 0 1 

Deflection, in Inches 

17. —LOAD-DErLRCTION DiAOBAMS roB A 42-1n. Cobku- 
OATED CCLVEBT PlPB ON ThRBB-RdOB BBARmoS 


A == Frf 


Fu w, r® 


El -f 0.061 er*’ 


.(15) 


in which A is the horizontal deflection of the pipe, in inches; Fd is the deflection 
lag factor; F* is a bedding constant, depending upon the bedding angle; Wt is 
the vertical load per unit length of the pipe, in pounds per inch; r is the mean 
radius of the pipe, in inches; E is the modulus of elasticity of the pipe material, 
in inches; I is the moment of inertia per unit length of cross section of pipe wall, 
in inches^ per inch; and e is the modulus of passive resistance of the enveloping 
soil, in pounds per square inch per inch. 

n **The Struoinral Dansn of Flexible Pipe Culverts," by M. O. Spangler, BuUetin No. tSS, Iowa Eng. 
Experiment Station, Amea, Iowa, 1941, p. 20, Fig. 17. 
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Values of the bedding constant, Fk, for various values of the bedding angle 
are: 


Desreat Bedding oonatant, Fu 

0 . 0.110 

15 . 0.108 

22.5. 0.105 

30 . 0.102 

45 . 0.096 

60 . 0.090 

90 . 0.083 


The modulus of passive resistance of the side filling material is defined as 
the unit pressure developed as the side of a pipe moves outward a unit distance 
against the side fill. Little is known concerning the nature of this modulus. 
In the Rankine theory of lateral soil pressures, the limiting value of the ratio 
of passive horizontal pressure to vertical pressure which a granular soil without 



Fia. 18 .—Tbb Distbibutiom or PBBseuRBs Around a Flexible Pipb Under an Earth Fill 


cohesion can develop is shown to be the reciprocal of the active pressure ratio. 
However, this theory does not give a clue as to the amount of movement 
required to develop the limiting value of passive pressure, and it would seem 
that the actual passive pressure may be any value less than the maximum, 
depending on soil characteristics and amount of movement of the sides of the 
pipe. 
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Several facts concerning the value ot the modulus of passive resistance of 
side fills adjacent to experimental flexible culvert pipes have been observed. 
First, this modulus varies widely with soil characteristics. Measurements 
have indicated a value for a gravel material approximately three times as great 
as for a loam material. Also in the case of a silty clay soil material, the modulus 
of passive resistance was approximately doubled by hand tamping as compared 
to the value for the same material in a relatively loose, shovel-placed condition. 
The second fact that has been observed is that when a flexible pipe is installed 
without struts the horizontal movement of the sides of the pipe and the passive 
resistance pressure at the sides of the pipe increase in a linear relationship 
with the height of fill, indicating a constant value of the modulus of passive 
resistance pressure as the height of fill is built up. 

Field observations of several flexible pipe culverts in service, completed in 
1946, have indicated that the settlement ratio, the modulus of passive pressure, 
and the deflection lag factor are all intimately interrelated. These studies 
also indicate that the structural performance of this type of conduit is greatly 
influenced by the character of the side fills and that time and effort spent in 
compacting the soil at the sides of the pipe will be amply repaid in better per¬ 
formance of the structure as a whole. 

Summary 

Dean Marston^s theory of loads and supporting strengths of underground 
conduits serves to highlight the many factors, in addition to the height of 
fill and the conduit strength, which contribute to the structural success or 
failure of such structures. It is a guide to sound design procedure and to 
good construction practice in this field of engineering. 

For example, the theoretical analysis of ditch conduits indicates that the 
width of ditch has a marked effect upon the load which the conduit must 
carry and field observations tend to verify this indication. Good practice, 
therefore, requires that the design width of ditch be held to a practical minimum 
value and that this design width be adhered to in construction. 

In the case of projecting conduits, such factors as the projection ratio and 
the settlement ratio have an important bearing on the load which the soil 
overburden produces on the structure, and knowledge of the characteristics 
of the site which influence these ratios is necessary before an accurate load 
analysis can be made. These characteristics are concealed to a very great 
extent when an embankment is built so that it is usually not possible to deter¬ 
mine the load on a projecting conduit after it is completed merely by observing 
the height of fill and the character of the soil covering. Likewise, the bedding 
characteristics of a conduit, and the conditions governing the development of 
lateral earth pressures on the structure, both of which influence its field sup¬ 
porting strength, cannot be determined readily after construction is completed. 
It is not feasible, therefore, to base one’s judgment of the safe height of fill 
which can be constructed over a given type of conduit in one loca,tion, on the 
height of fill which the same type of conduit may be successfully supporting in 
another location, unless it is known that all factors which influence load and 
supporting strength are the same in both locations. 
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APPENDIX. NOTATION 


The following letter symbols, adopted for use in this paper and in its dis¬ 
cussion, conform essentially with ASCE Manual of Engineering Practice No. 22, 
'‘Soil Mechanics Nomenclature”: 

a — an area element (see Fig. 10); 

h « horizontal breadth or width, with subscripts denoting; 
c « conduit; 

d = width of ditch at top of conduit; 

C » load coefEcient, with subscripts denoting; 
c = projecting conduits; 
d s ditch conduits; 

t = load on the underground conduit transmitted by concentrated 
load on the surface; 

E = modulus of elasticity of the pipe material; Young’s modulus; 

Ef =a modulus of deformation of the filling material; 
e = base of natural logarithms; 

F = factor, with subscripts denoting: 
d ■= deflection lag; 
t =» impact; 
k — bedding constant; 
p = load; 

H = height of fill, with subscripts denoting: 

c = height to ground surface above top of conduit; 
e = height to the plane of equal settlement from the top of a pipe; 

this is the “height of equal settlement”; 
p » height to top of backfill from any horizontal plane; 

8 — slant height from the center of an elementary area in Fig. 10 
to the point of application of a load; 

I « moment of inertia per unit length of cross section of pipe wall; 

K « ratio of lateral pressure at a point to vertical pressure; hydrostatic 
pressure ratio; 

L longitudinal length of the conduit; 

P » total vertical pressure on a horizontal plane in the backfill, or within 
the interior prism: 

Po = the pressure of a concentrated load at the surface; 

Pa * total at any point distant z from the surface; 

R e supporting strength or resistance of a pipe, with subscripts denoting: 
c B strength in any stated loading condition; 
eb * strength for the case of three-edge bearing; 
r — mean radius of the pipe; 

W » weight or total load, with subscripts denoting: 
c a load on an underground conduit; 

P a load transmitted by a concentrated surface force; 
w a load per unit area, with subscripts denoting: 
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h » horizontal unit load; 

V =* vertical unit load; 

X ** a parameter symbol, denoting by subscripts a function of: 

A = the area of the vertical projection of the pipe on which the 
active lateral pressure of the fill material acts; 

P — the distribution of the vertical load and vertical reaction; 
When the load and reaction situation (Eq. 146) causes the pipe to 
crack first at the top the parameter symbol is primed, thus: X'; 

y == vertical deflection or vertical settlement, corresponding to A «■ hori¬ 
zontal deflection, the subscripts denoting: 

c == deflection of the conduit or the shortening of its vertical 
dimension; 

/ — settlement of the flow line of the conduit; 
g = settlement of embankment subgrade adjacent to the con¬ 
duit; 

m = deformation of the filling material adjacent to the conduit 
within the height p 6®; 

z = distances along the z-axis, also vertical distance from the surface to 
a given point; 

a = a substitution symbol involving bd introduced to simplify typograph}^ 
(see Eq. 2a); 

= a substitution symbol involving introduced to simplify typography 
(see Eq. 5c); 

7 ~ unit weight of filling material; 

A = horizontal deflection; 

5 = a settlement ratio defined by Eq. 4a; 

€ = modulus of passive resistance of the enveloping soil; 

d = angle formed with the vertical by the radius vector from the point of 
application of the surface load to the point considered (Eq. 13), 
also the angle to the intersection of a pipe trench with the ground 
surface (Fig. 18); 

Kt » ratio of total lateral pressure to total vertical load; 

p — coefficient of internal friction between fill materials; p' » coefficient 
of sliding friction between the fill materials and the sides of the 
ditch; 

p = concentration factor or dispersion factor; a disposable parameter; and 

p = projection ratio; ratio of the vertical distance between the top of the 
conduit and the natural ground surface adjacent to the conduit, to 
the conduit projection is p 


345 



544 


APPENDIX A 


George E. Shafer/* Assoc. M. ASCE.—This summary of valuable re¬ 
search on underground conduits should stimulate more practical use of the 
proved but too little accepted methods of determining the loads that drainage 
structures must withstand. For more than twenty years the writer has 
followed and helped disseminate the results of various research on culvert loads 
and design. Field experience during this period justified the feeling that much 
money has been wasted because engineers have not made use of the data 
available. 

The writer had the pleasure of cooperating with Anson Marston, Past- 
President and Hon. M. ASCE, in the derivation and verification of the equations 
for “complete** and “incomplete** ditch condition discussed in the forepart of 

* Chf. Engr., Armoo Dniiwco Mid M«tal Plrodaeta, Ine., Middletown, Ohio. 
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Professor Spangler's paper. Referring to the section, ‘‘Flexible Pipes," the 
writer and his associates were perhaps the first to recognise that flexible pipes 
do not fail as soon as the metal is stressed beyond the elastic limit, but continue 
to function structurally until the deflection resulted in a change in shape to the 
extent of reversing the curvature in the top or bottom of the structure. If 
one agrees with the author that structural failure of corrugated metal structures 
is due to excessive deflection, the problem then is to determine a method of 
predicting deflection. 

Referring to Fig. 22, a flexible pipe is in equilibrium when the inherent 
strength of the pipe, i?/, plus the side support, Wa (developed in the earth as 
passive pressure due to outward movement of the sides of the pipe), is equal to 
the vertical load, Wet on the pipe and its accompanying reaction. 

How much a pipe deflects depends on all three factors—the larger the values 
of Rj and Wh the smaller will be the vertical deflection, y*, and the larger the 
value of TFe, the greater that deflection. Therefore, 


2 /e 


.™ 


Eq. 15 is in this form and includes those three factors. 

Prior research on the design of flexible structures resulted in an empirical 
equation for deflection. This research should be considered, so that the results 
of the two equations can be compared. In 1926, after it was fully recognized 
that flexible structures fail by change in shape (excessive deflection), the writei 
and his associates set out to determine: (1) The law of deflection, so that 
structural performance could be predicted, and (2) the maximum permissible 
deflection, so that some part of the 
maximum could be used as a safe de¬ 
sign deflection. 

As to the law of deflections, it was 
known that deflection would vary 
directly as some power of the fill 
height, H, and the diameter, JD, and 
inversely as the thickness of metal, t. 

Thus, 


J{m Dn 


(26) 



‘Wu 


Fio. 22 .—CoxuuiT Loaoino Diaqaaii 


Using the deflection data from the 
American Railway Engineering Associa¬ 
tion (A. R.E. A.) investigation,** wherein 
the deflections were accurately measured 
as the fill was slowly made (permitting partial settlement to take place), along 
with measurements taken on numerous large diameter, high fill, unstrutted 
structures under both highway and railroad service, the values of k, m, n, and 
» were determined. 

“CulTcrt Lo«l DetonninAtion/’ BvtUUn Nc. 984, A.R.E.A., 1020. 
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The maximum deflection before failure occurred was readily determined by 
inspecting numerous, large diameter pipe installations with shallow cover of the 
“horse and buggy” days in California. With better roads and flatter grades, 
many of these structures, because of their good material and structural per¬ 
formance, were left in place and extended to permit the fill height to be in¬ 
creased. In some cases, the additional cover was sufficient to cause consider¬ 
able additional deflection. The maximum recorded was 22% at a localized 
point. The average safe maximum deflection was determined as 20% of the 
vertical diameter. Using the conservative factor of safety of 4, the design 
deflection was established at 5%. 

During the thirty years prior to 1926, when the empirical equation for 
riveted corrugated pipe was derived, the use of corrugated pipe was steadily 
increasing. By 1926 there were in use approximately 100,000,000 ft of average 
size corrugated pipe. With acceptance and use, gage tables based on experi^ 
ence had been compiled. Each large producer had his own gage table; however, 
all were practically the same. A new gage table based on the empirical equa¬ 
tion using 5% deflection checked very closely with the old gage tables then in 
use, which were based on experience. Both were based on average installation 
conditions. 

At that time, especially in certain parts of the United States, there were 
some questions regarding the durability of light gage, metal drainage struct¬ 
ures. Gages that satisfied structural requirements often had to be increased 
because of durability requirements. For this reason, a gage table based solely 
on the equation was impractical. One of the objectives of the A.R.E.A. 
investigation^* was a rational design for flexible pipe. The objective was never 
obtained; the empirical equation likewise fell short of the A.R.E.A. objective. 
It was also realized that the empirical equation was new and somewhat radical 
in principle. For these reasons it was not published. Like a new and untried 
tool it was used with discretion until its merit was established. 

With the more general use of asphalt coated and paved invert pipe, plus the 
introduction of asbestos bonded sheets to insure adhesion of the asphalt to the 
metal, it was not so necessary to increase the gage of metal over and above the 
structural requirement. This permitted a more rigid use of the empirical 
equation. By 1931, when a new type of large diameter metal pipe made by 
bolting corrugated curve structural plates together in the field was introduced, 
there was sufficient confidence in the original empirical equation for riveted 
pipe with corrugations of 2J in. by } in. so that a new equation was derived from 
field measurements of unstrutted structural plate pipe as soon as sufficient 
structures were in service to represent a good average. The equation was later 
revised as more installations were made and a new equation was derived for 
field strutted structures. These equations served to predict deflection. The 
bolted longitudinal seam was designed separately. Thousands of riveted and 
bolted structures have been designed on the basis of the empirical equations 
with almost faultless structural performance. 

None of the equations have been published—not because they were considered 
trade secrets, but because the men who derived them knew their limitations. 
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The equations have just one application—to determine the required thickness 
of metal for a given diameter of pipe and height of cover or dead load. A 
tabular form giving the required gage for all structurally safe combinations of 
diameter and fill height is a gage table. Such tables, based on all three equa¬ 
tions, have been available since the equations were derived. In some cases, 
light gages have been modified because of durability requirements; and, in others, 
to take care of various live load conditions. Since a gage table is far more con¬ 
venient to use than an equation, the public or profession has not suffered be¬ 
cause the exact equations were not known. The form of the equation and the 
fact that the gage tables were based on an empirical equation were published in 
1937.*’ 

When Professor Spangler proposed his investigation on the structural design 
of corrugated pipe various members of the industry took interest and cooper¬ 
ated. Those familiar with the empirical design hoped a rational design that 
would take into account installation conditions, type of soil, and other factors 
would result, so that, when possible, a more economical design could be used. 
When the investigation was completed and Eq. 15 was published, its use was 
investigated. The apparent weakness of the equation at that time necessitated 
the selection of the proper value of e (modulus of passive resistance of the soil) 
to use for various soils. Later, the writer tried to use the equation to verify 
some live load tests and extend them into a gage table for airport loading. 
Again it was difficult to find the proper value of 6. 

Perhaps the best way to discuss the application of Eq. 15 is to compare the 
permissible heights of cover for a range of diameters and gages with those 
obtained by the empirical equation. In Table 2, the heights of cover for Eq. 
15 are based on A « 0.1 r, or 5% deflection, with « 1.5, F* = 0.1, 15' » 
30,000,000, and € = 20. In general, the two equations agree fairly well for 
certain combinations of diameter and gage, but vary widely for other combina¬ 
tions. Eq. 15 does not give as much value to difference in gage as does the 
empirical equation and as is warranted by experience. It also permits higher 
fills for large diameters and light gages. 


TABLE 2.— Comparison op Fill Heights, in Feet, Obtained 
BY Empirical Equation and by Eq. 15i 


Gage 

24 In. in Diamxtbr 

48 In. in Diauktxb 

72 In. in Diambtbb 

Empirical 

Eq. 15 



Empirical 

Eq. 15 

16 

26 

24.2 

7.2 

15.0 

3.5 

21.7 

12 

62 

36.6 

18 

17.4 

8.8 

22.2 

8 

140 

53.7 

39 

10.6 

18.5 

22.2 


Those engaged in the manufacture and distribution of flexible drainage 
structures see a definite need for a rational method of design. Not because 
design based on experience, such as the empirical equation, is wrong, but be¬ 
cause it is possible that the full economy of flexible construction is not utilized 
in all cases. Furthermore, engineers prefer a rational approach to any prob- 

«t **HMidhook td Culrari and Drainaca Praotiea,** Armoo Culvert Mfre. Aeesu. Middletown, Ohio, 1937. 
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lem, even though they use empirical methods in the solution of many problems. 
The rational approach also leads to a clearer understanding of the basic 
principles involved. 

With this desire for a rational design in mind, the writer makes the follow¬ 
ing comments on each factor in £q. 15 in the hope that by constructive criticism 
a solution will be evolved that will form the basis of all flexible conduit design. 

Referring back to Eq. 25, the simplified form of Eq. 15, the writer has 
already implied agreement with the Marston theory for determining the 
vertical load on flexible structures. The part of Eq. 15 involving inherent 
strength Rj is based on the elastic theory of a closed ring. Referring to Fig. 
23, this means that the load-deflection relation is a straight line and may co¬ 
incide with the actual deflection curve from two-edge bearing tests for small 
deflections, or may deviate appreciably when the ring is stressed beyond the 
elastic limit. 

Regardless of whether the load for two-edge bearing is determined from the 
equation,*® 

y, = 0.149 .(27) 


or for the factor of Eq. 15 corresponding to Rj in Eq. 25, the result is the same, 
when Fd and F* are assumed equal to 1.5 and 0.1, respectively. Therefore, the 



strength that is built into the pipe 
can be determined by Eq. 27. It 
is realized that Eq. 27 does not 
apply beyond the elastic limit of 
the metal, yet the comparison is 
made on the basis of 5% deflec¬ 
tion, slightly beyond the limit, be¬ 
cause that deflection has become 
standard practice in the design of 
corrugated metal pipe. In Table 3, 
values of P or W are given for 5% 
deflection and for a representative 
range of diameters and gages. The 
<iata on two-edge bearing loads 
does not include the Iowa tests, 
but does include unpublished data 
from several other investigations. 

The loads determined by Eq. 27 
for pipe 24 in. in diameter are ap- 


(lo. 23.—LoAi>-DBf'i.BcnioN Cubvb for 36-In 
DiAMvrsm Corrvoatbd Mvtai. Pips (Waix 
T sicKNaaB. 0.112 In.; I-In. Corruoationb) 


proximately 2^ times those from 
tests, and for pipe 72 in. in dia¬ 
meter they are approximately equal. 


If the effect of gage is considered regardless of diameter, Eq. 27 shows 


S-gage pipe to be approximately 2} times stronger than 16-gage pipe, whereas 
the test data show this ratio to be approximately 4. These differences tend to 
affect the final design resulting from Eq. 15 by failing to show the full effect due 
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to gage, regardless of diameter. This is a general comment regarding the use 
of Eq. 15 in actual practice. There are two other factors that should be con¬ 
sidered with the foregoing data: (1) How much stronger is a flexible pipe in 
uniform vertical loading, as compared with concentrated loading, and (2) how 
much does uniform loading raise the elastic limit over that for concentrated 
loading? 


TABLE 3.—Comparison of Inherent Pipe Strengths* as 
Determined by Eq. 27 and by Actual Tests 


Gage 

24 In. in Diameter 

48 In. in Diameter 

72 In. in Diameter 

lowa^ 


Iowa 

Test 

1 

Iowa 

Teat 

16 

1 3,5.30 

1,300 

! 880 

.'MK) 

37.5 

295 

12 

G.OSO 

2,820 

1,510 

1,110 

675 

005 

S 

9.6.30 

.5,220 

2,.370 

2.100 

1,060 

1,190 


• Load in pounds per foot at 5% deflection. * Calculated by Eq. 27. * Deterniined by actual tests. 


The usually accepted conversion factor for uniform loading from two-edge 
or three-edge bearing for rigid pipe is 1.5. According to the elastic theory, 
either by deflection of the ring or for moment in the ring, the factor should be 
approximately 2.0. It is the writer^s opinion that a ratio of 2.0 is conservative. 

Undoubtedly the elastic limit is higher (Fig. 23) for uniform loading as 
compared to concentrated loading, because of the more gradual and uniform 
change in shape or curvature under uniform load. Just how much the limit is 
raised is difficult to determine. If tlie change is small, then factors in Eq. 15 
entering into inherent strength should be changed so that instead of being 
based on tlie clastic theory they would be based on actual concentrated load 
test data corrected for uniform vertical load. The average concentrated loads 
per foot of pipe to produce 5% deflection can be determined from the empirical 
equation. 


P = 


4.825 X 10« « 

/)1.S6 


(28) 


in w'hich t is the thickness of the metal in inches (corrugations 2f in. by J in.) 
and D is the pipe diameter in inches. 

The side support part of Eq. 15 is based on certain assumptions, two of 
which will be discussed: 

1. • the horizontal pressure on the (side of a) pipe at any point 
bears a nearly constant relationship to the horizontal movement of the point.^'®® 

2. The distribution of passive pressure on the sides of the pipe is assumed 
symmetrical about the horizontal axis. 

Considering first the assumption that horizontal pressure has a constant re¬ 
lationship to movement of the pipe sides, it is true that the Iowa data support 
this contention. Earlier research work®* at the University of North Carolina 
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(Chapel Hill) seems to offer verification, except for very low fills. Referring to 
Fig. 24, the assumption is correct when the pressure and movement curves are 
straight lines. The pressure curves are straight lines, but the deflection is not 
a straight line for low fill heights. The deflection curve for Professor Spangler's 
first experiment has a similar characteristic. 

If the pressure movement ratio is constant, the value of t should be a con* 
stant for any soil characteristic and should not vary with fill height, or with the 
degree of rigidity of the pipe. There seems to be evidence that e varies with 
fill height, or pipe rigidity—or both. Considering first the data supporting the 
claim that c varies with fill height, in Fig. 24 the value of € calculated using 
Eq. 15 varies from less than 30 for a 1-ft fill to more than 70 for a 12-ft fill. 
Similar values of e for the 20-in. pipe in the same investigation are not as con- 



I_I_I_I_I_I 

O 20 40 60 80 100 Modulus of Passive Resistance, € 

I-1-1-1-1-1_I_I_I 

0 2 4 6 8 10 12 14 16 

Pressure Cell Reading, m Pounds 

Fio. 24.— Prbsscrs DBruBcnoM Data from UmvRRBrrr or North Carolika Studirb on 
30-Im. Diamrtrr Corruoatro Mbtai. Pifr (Wau. Tbicrnrss 0.108 1m.) 


sistent as those plotted in Fig. 24 for the 30-in. pipe, but do vary from 28 for a 
2-ft cover to 66 for an 8-ft cover. 

In 1928 accurate deflection measurements were taken on a rather large 
number of metal pipes installed in a new line of the Union Pacific Railroad 
Company. Original diameters were measured before backfilling, and final 
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readings were taken nine years later. The number of unatrutted structures 
for which there was complete data (diameter, gage, average load, two-edge 
bearing strength at 5% deflection, and calculated < according to Eq. 15} are 
shown in Table 4. Also included in Table 4 are similar data on two other 
investigations—those at the University of North Carolina*® and the unpublished 
data on a live load test made by the writer. As further proof that e may vary 
with the fill height, note how the average e decreased with the average fill. 
The thirty-eight structures included in this investigation were installed under 
various conditions. For that reason, a comparison between individual struct¬ 
ures is unwarranted, although a comparison between the averages for any pipe 
size seems permissible. 

Referring to Table 4(6), the North Carolina tests were carefully made so 
that all pipes were installed and backfilled as nearly alike as possible. The 
three pipes listed are those that can be considered as flexible, the most flexible 
being a smooth pipe that had to be braced to hold the circular shape until the 


TABLE 4.—Computed Values of 6 from Various Test Programs 





1 Avbraqb Load 

Bearing 
strength 
of pipe* 

(lb) 


Col. 6 
CoT? 

No. of 
structures 

Diameter 
(in.) j 

Cage 

i:)ead 
(ft of 611) 

Live 

Computed 

• 

(1) 

U) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


(a) Union Pacific Uailhoao Company 




10 

:i4 

EGO 

3.950 

G2 

04 

1(3 


10 

17 

EGO 

2,300 

3H 

01 

19 

4S 1 

K 

.=> 

EGO 

2.100 

18 

117 


(6) Univxrbity of North Carolina 


1 

3fV> 

12 

12 

0 


29 


1 

30 

12 

12 

0 

i.620 

47 

1 36..3 

1 

30^ 

A in. 

12 

0 


80 



(c) Livk 1/Oad 


1 

24 1 

14 

n 

Truck 

r 1,780 

202* 

6.8 

1 

24 

12 

11 

with 

J 2,820 

339* 

8.3 

1 

48 

12 

1 f 

dual 

1 1,110 

L 1.680 

I49« 

i.rt 

1 

48 

10 

1 r 

tires 

188* 

8.4 


• Two<edKe bearing strength at 5% deflection. * Smooth pipe, very flexible. • Unknown. ^ Steel tube. 

* Average for three different live loads (4.635 lb, 8,700 lb, and 13,695 lb) per wheel. 


pipe was covered with sharp bank sand. The second and third pipes were 
progressively more rigid, ps evidenced by the fact that the load factors (the 
percentage of load directly above the pipe actually carried by the pipe under 
12-ft fill) w ere 61, 80, and 87, respectively. The values of €, as calculated from 
Eq. 16 are 29, 45, and 85, respectively. These data tend to show that c is a 
function of pipe rigidity. In Table 4(c) live load is the predominant load. 
All structures were carefully installed under the same installation conditions 
and loaded in the same manner. In this case € varies with the pipe rigidity. 
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It will be noted that the ratio of two-edge bearing strength at 5% deflection to 
€ is much more constant than the values of e. 

To summarize the data in Table 4, there is evidence to show that € varies 
with pipe rigidity more than with fill height. Nevertlieless, in the Union 
Pacific data (Table 4(a)) for 36-in., 10-gage pipe and the 48-in., 8-gage pipe, the 
rigidity is approximately the same, where average € varies from 38 for an average 
fill of 17 ft to 18 for a fill of 5 ft. This, added to the variation in e shown in 
Fig. 24 for the same pipe under varying fill heights, leads the writer to believe 
that € may vary both with fill height and pipe rigidity. 

It is unfortunate that all the pipes in the author’s third experiment, the 
major part of his tests wherein conditions were identical, were of approximately 
the same rigidity. In selecting the size and gage of pipe to use, the aim was to 
keep them as flexible as possible within the limits of practicability. The 
inherent or two-edge bearing strengths of the four pipes in the third experiment, 
according to the writer’s data, are showm in Table 5. Had the tested pipe been 

of widely different degrees of rigidity, 
the resulting data might have indicated 
that € is a function of pipe rigidity. 

Considering the second assumption, 
that the passive pressure on the sides 
of the pipe is symmetrical about the 
horizontal axis, the right half of Fig. 25 
shows the development by Professor 
Spangler of a witch-shaped” (witch of 
Agnesi) curve representing the locus of 
the horizontal movement of all points on 
the half circle, as the circle changes to 
an ellipse, their horizontal axes being 
coincident. In actual installations the inverts are coincident if there is no 
settlement. The left side of Fig. 25 shows the approximate shape of the locus 
based on coincident inverts and the same parabolic curve Professor Spangler 
used, which closely simulates the wdteh curve. The new center of the parabola 
is below' the horizontal axis of the pipe by an amount equal to y/2. Actually, 
the difference in shape of the sides is not great, but the difference in shape com¬ 
bined with increased pressure below the horizontal could appreciably change 
the pressure diagram or composite loading. 

Referring to the North Carolina data” for the 30-in. pipe, the pressure 
curves in Fig. 24, which were drawm to show the increase in pressure starting 
at a 1-ft fill, show' the average pressure 45® above the horizontal ”top side” to be 
approximately equal to the average side pressure. The average pressure 45® 
below the horizontal “bottom side” is more than twice the side pressure. This 
does not mean that the horizontal component of the measured pressure on the 
bottom side is greater than the horizontal component on the top side. It does, 
however, indicate that there can be a high pressure under the haunches of the 
pipe. Professor Spangler’s composite loading, on which Eq. 15 is based, is 
shown on the right side of Fig. 26, The pressure at a point 45® below the 
horizontal, according to this loading, is very small. The data justified that 


TABLE 5.— Two-Edge Bearing 
Load for Pipes of the Author’s 
Third Experiment 


Diameter 

(ia.) 

(1) 

Gage 

(2) 

Two^dge 

bearing 

load* 

(lb> 

(3) 

30 

16 

750 

42 

14 

840 

48 

14 

685 

60 

1 

815 


* At 5% deflection. 
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assumption, but the writer believes that, had the pipe in the tests deflected 
more, or had the pi]>e been installed under 100 % projection, the load diagram 
would be similar to that shown on the left side. 


I 




Fia. 25 Fia. 2G 

As further proof of greater pressure under the haunches than that assumed 
by the author, the averages of all the pressure cell readings for the three flexible 
pipes in the 30-in. size tested at North Carolina** are shown in Fig. 27. These 
pressures are in pounds per square inch, and are the 
average increase in pressure due to any additional 
foot of fill from 0 ft to 12 ft. These data show that, 
with the exception of the top point, the greatest 
pressure is at the haunches, or 45® below the sides. 3 
Previously published data** show the haunches to 
be points of low pressure for low fills, with a trend 
toward more uniform pressures for higher fills. 

Such a revised pressure diagram would complicate 
the mathematical analysis but would, in the writer’s 
opinion, more nearly fit field conditions for design deflections and the usual 
installation conditions, wherein the foundation is often quite yielding. 

To summarize, Professor Spangler’s investigation and interpretation are 
steps in the right direction. It is unfortunate that the test pipes in the third 
experiment were all of virtually the same inherent strength. This, plus the 
fact that the range of diameters was small, apparently led to a solution that 
gives undue value to the side support factor for large diameters. Additional 
data are needed on working values of €, especially under live load conditions. 
Whether there are sufficient test data available from all sources to revise Eq. 16, 
so that the results will be more consistent with actual practice, is unknown to 
the writer. It is emphasized again that the comments in this discussion are 
intended to be constructive and to encourage ideas and data that will eventually 
lead to a solution of a rather complex problem. 

• "The Btruotural Deeign of Flenbla Pipe Culverte," by M. Q. Spongier. BulUiin So. IBS, lowo Eng. 
Experiment Stotion, Amee, lown, 1941, Fig», 24 end 35. 
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E. F. Kelley/* Esq. —This is an excellent summary of the results of the 
research work on underground conduits that has been carried on over a period 
of years by the Iowa Engineering Experiment Station at Ames, under the 
direction of Anson Marston, Past-President and Hon. M. ASCE. The writer 
desires to discuss only Eq. 15, which is presented as a method for computing 
the horizontal deflection of a flexible pipe, such as a corrugated metal culvert. 
By making certain assumptions and substitutions, Eq. 15 may be expressed 
in different form and used to determine the height of fill which will produce a 
given deflection of a flexible pipe culvert. 

In experiments reported by the author®* it was found that 5, the settlement 
ratio, ranged from —0.14 to —0.76 for corrugated metal culverts. Else¬ 
where,®* as a result of other experiments, the author has suggested settlement 
ratios ranging from —0.4 to +0.8. Therefore, for the purpose of simplifica- 



10 20 30 40 50 60 

Oiometer of Pipe, m Inches 


Fio. 28 .—Rblation Bbtwbbn Haianr or Fill, Hm, and Diameter or IS-Gaob Cobbuoated Metal 
Pipe, Computed by Eq. 15 roR a Deplection or 1% or tub Pipe Diameter 

tion and illustration it is considered sufficiently accurate to assume the settle¬ 
ment ratio equal to zero. 

It is apparent from Fig. 8 that when 5 =* 0, 6 p = 0 and 



Also, with &« expressed in feet and r in inches, 

b. = Yj.(30) 


* Chf.. Div. of PbyaicEl Research. Public Roads Administration, Washington. D. C. 

** **Tbe Structural Design of i^exible Pipe Culverts,*' by M. G. Spangler, Bulletin No, 15S, Iowa Eng. 
Esperiment Station. Ames, Iowa, 1041, p. 56. 

■^"Analysis of Loads and Supporting Strengtlw, and Piineiples of Design for Highway Culverts,” 
by.M. Q. Spani^er. Proeoedinga, Highway Research Board, National Research Council. Vtd. 26.1046, p. 108. 
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(31) 


Thus, if We is expressed in pounds per linear foot of pipe, Eq. 15 may be 
reduced to the form, 

72A(g/ + 0.06l€rO 

F,F,yr< . 

Computed values of He for corrugated metal pipe having diameters from 
18 in. to 60 in., inclusive, are shown in Fig. 28. Fur the purpose of the com¬ 
putation it was assumed that; A — 1% of the pipe diameter (» 0.02 r); 
E — 30,000,000 lb per sq in.; 1 = 0.001766 in.^ per in., a value computed for 
16-gage corrugated metal; e = 20 lb per sq in. per in.; Fd « 1 . 5 ; Fk 0 . 10 , 
corresponding to a bedding angle of about 35°; and 7 *= 120 lb per cu ft. 

It is quite generally agreed that the deflection of corrugated metal pipes 
in service should be limited to a maximum of 5% of the pipe diameter. How¬ 
ever, as the author has pointed out, Eq. 15 is applicable only within the elastic 
range of the pipe metal and it is not known that a 5% deflection of a pipe in 
service is within this range. It is known that, when corrugated metal pipe is 
subjected to the three-edge bearing test, a deflection of 5 % is generally out¬ 
side the elastic range, whereas a deflection of 1 % is well within it. It is for 
this reason that, for purposes of illustration, the relatively small deflection of 
1 % of the pipe diameter has been selected. 

For the smaller sizes of pipe Fig. 28 shows, as would be expected, that He 
decreases as the diameter of pipe increases. However, the minimum value of 
He is obtained for a diameter of 36 in.; thereafter the value of //, increases 
with increases in the pipe diameter. Such results are unreasonable and cannot 
be accepted as correct. 

There may be one or more reasons for the questionable results shown in 
Fig. 28. It may be that empirical Eq. 15, although applicable within the 
range of the author’s experiments, may not have a general application. It 
may be also that the writer’s assumption of a constant settlement ratio or a 
constant value of the modulus of passive resistance, or both, may be incorrect. 

These questions, and the further question as to whether a deflection of a 
pipe in service of the order of 5% is within the elastic range of the pipe metal, 
lead to the conclusion that, on the basis of present knowledge, Eq. 15 cannot 
be accepted for use in the design of flexible pipe culverts. 
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M. G. Spangler, “ M. ASCE.—The time and effort put forth in preparing 
this paper have been more than compensated for by the stimulating ideas which 
have been expressed by the various discussers. Of particular value are the data 
presented by Mr. Binger relative to the pressures measured on a concrete box 
culvert under a 50-ft fill on the Panama Railroad. The close correlation be¬ 
tween the measured pressures and those indicated by the Marston theory when 
applied to the conditions of the installation serve, powerfully, to reinforce the 
confidence which engineers may place in the principles involved in the theoret¬ 
ical development. 

Mr. Binger’s data are significant for two reasons: First, they show the load 
produced by a fill two and one-half times higher than any previous fill for which 
loads have been measured; and, second, the fill was compacted by modern heavy 
equipment during construction. 

Mr. Feld is entirely justified in referring to the researches on underground 
conduit loads which were conducted at the University of North Carolina in 
Chapel Hill. In preparing any paper the matter of scope becomes highly im¬ 
portant and in this case it was decided to limit the paper to the work which had 
been done at Iowa State College in Ames. Dean Marston has made an exhaus¬ 
tive study of the reports covering the North Carolina experiments and has con¬ 
cluded that the measured loads in those tests conform closely to the results 
calculated by the Marston theory, as he has stated in his discussion. 

It is difficult to subscribe to Mr. Feld's characterization of the problems 
discussed in the paper as purely academic. Although it is true, as everyone 
knows, that methods of earth handling and construction have undergone radical 
changes during the past quarter of a century, the principles of stress transfer 
embodied in the Marston theory are ageless and will be applicable many years 
hence when present-day construction methods become outmoded. The ditch 
conduit analysis may be applied with equal validity to a hand-dug or a machine- 
dug trench without reference to the slope or irregularity of the sides, provided 
the correct ditch-width factor is used in the analysis. If the backfill material 
is placed in the condition which Mr. Feld describes as “better’^ than relatively 
loose earth, considerable harm may result in that the loads on the pipe may be 
very greatly increased as compared to the loads under the more usual manner of 
backfilling. In the example cited where the backfills of drainage trenches be¬ 
came relatively hard lines in the subgrade, there is little doubt in the writer's 
mind but that the load at the base of the trench was relatively high, because 
the transferred shearing stresses would be additive to the weight of the backfill 
instead of subtractive as in the more usual case. 

The method of constructing projecting conduits in trenches dug through 
compacted embankments has distinct advantages from the standpoint of loads 
produced on the structure, in addition to the advantages mentioned by Mr. 
Feld, since placing the pipes in ditches tends to cause the shear stress increments 
to act upward on the prism of material in the ditch, provided the backfill is 
loosely placed. The California Highway Department has developed methods 

Researoh Prof., Civ. Eng. Dept., Iowa Eng. Experiment Station, Iowa State College, Amea, Iowa. 
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of construction based on this principle which appear to be efficient in reducing 
loads on the pipes. These procedures, together with excellent bedding and 
backfilling practices, have permitted a substantial increase in safe heights of 
fill over drainage conduits under highways in that state. However, it seems 
doubtful whether the practice of building an embankment first and then trench¬ 
ing through it to construct a drainage line can ever be widely applicable, inas¬ 
much as climatic conditions in many localities are such that a heavy rainstorm 
between the time of completion of the embankment and the construction of the 
trench through it might be very detrimental or even disastrous. The favorable 
load condition produced by this method of construction is recognized, however, 
and it is clearly within the scope of the Marston load theory. The deeper the 
trench through the embankment in relation to the trench width, and the more 
loosely the backfill is placed in the region immediately above the conduit, the 
farther toward the left side of Fig. 8 the situation falls and the less will be the 
load on the structure. 

Mr. Tremper^s remarks indicate that similarly good results are being ob¬ 
tained in the State of Washington by installing pipe culverts in sidehill ditches 
to one side of the watercourse. Where practicable, this procedure would ap¬ 
pear to be better than that suggested by Mr. Feld, because drainage water could 
be cared for in the natural watercourse during construction of the culvert. 
The discussions by both Messrs. Feld and Tremper lend emphasis to the more 
favorable load situation that can be achieved in culvert construction when spe¬ 
cific attention is given to creating conditions in which pressures are transferred 
by shear from the interior prism of soil to the exterior masses. 

From Prague, Czechoslovakia, comes a very interesting analysis of concrete 
pipe rings from which values of the load factor for cradled pipe have been 
determined. There is no difference of opinion between Professor Bazant and 
the writer relative to the analytical determination of bending moments in a 
reinforced concrete pipe. This procedure is precisely that employed by the 
writer prior to 1933 which led to the development of Eq. 145. The difficulties 
in design arise when one attempts to convert the calculated moments into 
stresses in the steel and concrete of which the pipes are made. 

Professor BaXant^s calculated load factors shown in Table 1 are approxi¬ 
mately 10% greater than the average experimental values obtained by W. J. 
Schlick, M. ASCE, and James W. Johnson.“ These differences are not sig¬ 
nificant and readily may be accounted for by the fact that the sand-bearing 
load was assumed to be uniformly distributed in the analysis, whereas it is 
known that the pressure in the test is greater at the center of the bearing than 
at the sides and that it approaches a parabolic distribution. 

However, several circumstances and assumptions connected with the analy¬ 
sis contained in the discussion lead to the conclusion that the correlation shown 
in Table 1 may be more coincidental than basic. For example, it is assumed 
that: ^^The maximum moment occurs at points a and b, where the first cracks 

■***0000^10 Cradles for Large Pipe Conduits.*’ by W. J. Bohlick and James W. Johnson. BidUHn JVs. 
80, Iowa Eng. Experiment Station, Amos, Iowa. 1926, p. 39. 
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occur * * In the Schlick and Johnson experiments, 94% of the cradled 
specimens cracked first at the top of the pipe. The first cracks in the remaining 
0 % occurred simultaneously either at the top and bottom or at the top and 
sides of the pipe. Also, in every case the cradle cracked in the region below the 
bottom crack in the pipe and at the same time that the bottom crack occurred. 
In no case did the first cracks occur at the junction of the pipe wall and the 
cradle as assumed by Professor BaSant. 

The comparison between computed and experimental values of the load 
factor for ultimate loads is probably not valid, even though the values appear 
to be reasonably close numerically, because at ultimate load the pipe and the 
cradle have long since ceased to be a continuous arch body. At ultimate 
loadings, the experimental pipes were cracked in many places, the cradles were 
broken into two parts, and the bond between the cradles and the pipes was de¬ 
stroyed, so that the structures were considerably different after they were cracked 
from the structures which Professor Ba2ant analyzed. For these reasons it 
would seem that a comparison between calculated and observed load factors 
at “first crack” load would be much more appropriate. Such comparisons for 
the three cradle types included in Table 1 show that the calculated load factors 
exceed the observed values by 18%, 37%, and 35%, respectively. 

Mr. Shafer^B discussion is a most welcome addition to the literature on the 
supporting strength of flexible pipe conduits. He has had wide experience in 
this field, has made extensive observations of the performance of this type of 
structure, and has brought rare good judgment to the interpretation of his ob¬ 
servations. The writer has a very high regard for the utility of Mr. Shafer’s 
empirical Eq. 26. It has served both the industry and the users of metal cul¬ 
vert pipes very well since its inception in 1926. 

In the writer’s opinion, however, the flexible pipe problem is far too qo triplex 
to rely solely on experience for a solution. Theory is needed to supplement 
judgment and to guide the interpretation of the shotgun pattern of the facts 
gleaned in the field. The empirical formula falls short in the achievement of 
scientific design of flexible pipe culverts and tends to stifle progress in that 
direction, since it does not take into account several important variables that 
influence the problem. One of these is the passive resistance of the soil side 
fills, which is widely recognized as a highly important factor (probably the most 
important single factor) on which pipe deflection depends. The empirical for¬ 
mula throws all the effect of side pressure into the factor and the best that can 
be expected under these circumstances is the determination of “average” de¬ 
flection, which may be greatly exceeded in individual cases. Very few field 
data are available to the profession from which to judge the correlation between 
actual deflections developed in the field and deflections predicted by the em¬ 
pirical formula. Such data as the writer has seen show a very wide range of 
deflections, many individual specimens being in excess of 100% above the 
“average,” and extreme cases being from 400% to 500% above. 

Another variable factor which the empirical formula submerges in the 
“average” is the relationship between the height of fill and the load on a cul¬ 
vert. It is unfortunate, but nonetheless true, that the load and the height of 
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fill are not related by a constant factor for all culverts. This fact is clearly 
shown by Fig. 8. In the present state of knowledge it is difficult to predict 
values of the settlement ratio, which has such an important effect on the rela¬ 
tionship between load and height of fill. Nevertheless, it is present and effec¬ 
tive in every culvert installation and scientific progress demands that it be rec¬ 
ognized and studied. This same comment applies to the projection ratio, 
except that the latter factor is more easily determined for a specific pipe in¬ 
stallation. 

For these reasons and others, the writer docs not consider that the fill height 
data given in Table 2 are validly comparable. It would be the purest coinci¬ 
dence if the fill heights shown in the parallel columns were in agreement. The 
only valid check on Eq. 15 is a comparison of the deflections computed by the 
formula with actual measured values when all the factors relative to a culvert 
installation which influence the deflections are known or can be estimated with 
a reasonable degree of precision. 

When Eq. 15 was developed and published, it was intended to be used to 
compute the deflection of a flexible pipe culvert when the diameter of the pipe 
and its physical properties (the height of fill, the settlement ratio, the projection 
ratio, the width of bedding, the unit weight of the fill, and the character of the 
soil as it influences passive resistance pressures) are known. Immediately after 
publication, many engineers turned the formula around and attempted to use 
it to calculate a fill height that would produce some predetermined deflection 
of the pipe. This practice has led to some difficulties and erroneous concepts 
concerning the formula. Mr. Kelley rejects the formula as giving unreasonable 
results, because the fill height to produce a given deflection, expressed as a con¬ 
stant percentage of pipe diameter, is larger for large pipe than it is for some 
smaller pipe sizes. His point would be well taken if it could be definitely stated 
that, when two pipes of different diameters have deflected under a fill an 
amount equal to 5% of their diameters, they have both progressed the same 
distance toward failure and are, therefore, on a comparable basis as far as 
strength is concerned. The writer does not believe this is true. 

This premise opens the whole question as to the theory of failure of flexible 
pipes and a suitable criterion for an allowable design limit. The metal pipe in¬ 
dustry has for many years suggested a deflection limit of 5% of the diameter as 
being a suitable criterion and many engineers have accepted this value. The 
writer has looked on the 5% limit as a good value to ^'shoot at,” but he has 
come to realize that neither it nor any other constant percentage-of-diameter 
deflection represents the same strength situation for all diameters of pipes. 
As evidence on this point, the writer has investigated the pipes for which Fig. 
28 was drawn by computing the fill heights to produce a constant value of 
bending moment at the bottom of the pipes. The equation for the moment 
at the bottom of a flexible pipe under field loading conditions (for a bedding 
angle of 36®) is** 

_ M « 0.176 W. r - 0.166 A .(33a) 

w **Tbe Structural Deein of Flexible Pipe Culverts.'* by M. G. Spangler, Bulletin So. 16$, Iowa Eng. 
Experiment SUtion, Amee, Iowa, 1041, p. 68. 
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in which 


A = *|. 


.(336) 


Substituting Eq. 15 in Eq. 33a and using the same values of various factors that 
were used by Mr. Kelley, it is possible to compute heights of fill over the various 

diameter pipes to produce 
the same bending moment 
in each of the pipes. The 
bending moment in the 
36-in. pipe of Fig. 28 was 
arbitrarily chosen as the 
common value for all the 
pipes. The results are 
shown in Fig. 29. On the 
basis of this criterion the 
height of fill decreases with 
increasing pipe diameter, 
which seems to be more 
reasonable. Since both 
Eq. 15 and Eq. 33 are 
based on the elastic analy¬ 
sis, the author believes that 
Fig. 28 throws a cloud of 
uncertainty on the validity 
of applying a constant 
percentage-of-diameter de¬ 
flection limit to all sizes 
of pipe, rather than on 
the validity of Eq. 15. 

Mr. Shafer goes further and applies the 5% limit to pipes loaded in two- 
edge bearings and compares the loads to produce this deflection by elastic 
analysis and by actual test. Since the smaller sized pipes tested were obviously 
loaded beyond the elastic limit of the metal, the calculated loads to produce 5% 
deflection were considerably greater than the test loads. This discrepancy be¬ 
tween calculated loads and test loads is cited by Mr. Shafer as an indication of 
a weakness in Eq. 15. The writer believes that the comparisons in Table 3 
are wholly fortuitous and irrelevant and that Mr. Shafer's conclusions based 
on them are not valid. 

In support of this contention, it is pointed out that, if the test specimens had 
been made of metal having a higher elastic limit, the difference between the 
loads calculated by Eq. 27 and the test loads would have been materially less. 
In Fig. 23, the metal in the 36-in. pipe for w^hich load-deflection data are plotted 
apparently reached its elastic limit at a load of 1,056 lb per lin ft, or 88 lb per 
lin in. The bending moment at the top and bottom of a circular ring loaded in 



372 






SPANGLER ON UNDERGROUND CONDUITS 


561 


two-edge bearing 


M - 0.318 Pt.. 


.(34) 


in which P is the load per unit length of pipe; and r is the radius of the pipe. 
By the flexure formula, 


Me 
I • 


(35) 



The elastic limit of the metal in this pipe 
is approximately 46,000 lb per sq in. by 
Eqs. 34 and 35. 

Corrugated metal pipe culverts are 
made of many different kinds of iron and 
steel, ranging from commercially pure 
iron having a relatively low elastic limit 
to copper and copper-molybdenum iron 
or steel alloys having high elastic limits. 

In the research work on which Eq. 15 
was based, the metal pipes furnished for 
the tests by four different manufacturers 
varied in elastic limits from 47,800 
lb per sq in. to 65,500 lb per sq in. If the 
36-in. pipe of Fig, 23 had been made of 
metal having an elastic limit of 66,000 
lb per sq in. instead of 46,000 lb per sq in., 
the load-deflection diagram would have 
been approximately as shown by the 
dotted line in Fig. 30 and the difference 
between actual loads and those computed 
by Eq. 27 would have been much less. 

Likewise, the data shown in Table 3 are intimately dependent on the elastic 
limits of the particular pipes tested. It is the writer's view that these data do 
not provide a proper basis for generalization without some detailed knowledge 
of the elastic limits of the metals from which the test specimens were made. 

The data in Table 3 are irrelevant because the load and reaction in a two- 
edge bearing test are much more concentrated than in the field loading for 
which Eq. 15 was developed and it seems probable that the difference between 
computed loads and actual loads would be much less in the latter case, even 
when the pipe metal is stressed beyond its elastic limit at localized points— 
that is, the load-deflection curve under field loading would probably deviate 
from a straight-line elastic relationship much less rapidly than under concen¬ 
trated loading. Mr. Shafer appears to agree with this view. Obviously, also, 
pipes made of metal having a high elastic limit would deviate less from the 
elastic line and would have less deflection for a given load than would pipes 
made from low elastic limit metal. 

n *‘The Stniotural Desicn of Flexible Pipe Culrerte." by M. Q. Spen^Ur. BulUtin No. i6S, lowe Eng 
Experiment Station, Ames, Iowa, 1941, p. 14. 


Fio. 30—LoAD'DsrLBCTioN Diagram for 
CORRUOATSD MBTAL PiPB CuLVKRTH 
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APPENDIX A 


The data shown in Table 3 again raise the question of whether it is valid to 
apply a constant limiting deflection to all sizes of pipe. Mr. Shafer has given 
an interesting account of the origin of the commonly accepted 5% limit. He 
would do the profession a service if he would publish the data on which the 
values were established. It is pertinent to ask whether the '^average safe maxi¬ 
mum deflection'' which was observed was the same percentage value for all 
pipe diameters. 

Mr. Shafer has raised some appropriate questions concerning the nature of 
the modulus of passive resistance of soils, and the writer agrees that there is 
much yet to be learned about this property and its application to the flexible 
pipe problem. It is hoped that future research, both in the laboratory and in 
the field, will shed further light on this factor concerning which so little factual 
data exist. In particular, information is needed to determine more definitely the 
relationship between passive pressures and movement of the sides of the pipe, 
the distribution of the passive pressures, the effect of fill height and pipe 
rigidity on the passive pressure modulus, and soil test procedures on which to 
base estimates of the value of the modulus for design use. Such added infor¬ 
mation is needed in order to refine and improve Eq. 15 and to develop a parallel 
formula for strutted flexible pipe culverts. 

The author is deeply indebted to those who have discussed the paper and 
wishes to express to them his personal thanks. He believes the discussions 
have added materially to the understanding of the underground conduit 
problem. 
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Abutment, bridge 

drainage of, 343, 454 
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Acid corrosion test, 148 
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Aerial pipe sewers, T15-1, 00, 144 
Aerial surveys, 225 

Aggregate storage bins, 420, 425, 420-427 

Aggregate tiifinels, 390 
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333-339 

Airport Design Standards, T13-1, 135 
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various kinds of pipe, T13-2, 1301 
e.rn. pipe-arches, T13-3, T13-4, 137 
iM.P. pipe-arches, T13-5, T13-r», 138 
Multi-Plate pipe, T13-7, 139 
Airport Drainage, 344-354 

design for strength, 134-139 
size of pipe, 272-280, 349-352 
surface runoff, 252, 349 
Air shafts, 399, 415 
Alabama State Highway Dept., 18 
Alignment (sec also Mal-alignrnent) 
culvert, 150-151, 242-243 
subdrain, 353 
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49, 112-116, 129, 130, 147, 428, 481 
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Engineers, 431 


Arnorienn Roc. of Civil Engineers, 21, 31, 171, 
211, 473 

Ainericiin Water Works Assn., 34 
Analysi-^ metal, 172 
.soil, 296 

Anchoiiige for se<*tiomil pipe culv., 259 
Anderson, A. O.; drain tile tests, 21 
Anglo of repose (see also Slope) 

.soil, 30. 211, 379 
Angles, structural, T51-6, 428 
Appurtenances, Sewer, 281-290 
Arches, Liner Plate (See Liner Plate) 
Multi-Plate (sec Multi-IMate) 

Arches, statidard (‘orrugated (see conve>or 
covers, l*art cin^le (Milverts) 

Area (s€»e also Size of waterwa.x ) 
arcljes, T8-14, 86, 90-93, 236 
circles or pipe, 74, 235, 498, 502, 503, 511 
(tircular segments, T65-11, 498 
conduits, partly filled, 511 
draino<l (size, t^lmracter), 229, 236 
drop-inlet culverts, T26-4, 234 
equivalent units, T65-2, 492 
part circle culverts, 293 
pipes, T26-5, 235 
I)ipe-urchcs, 77, 84, 237 
plane figures, T65-11, 498 
tunnels, T48-1, 4(X) 

Arid .soil conditions, 169 
Armco (refers to Anneo Steel Corporation 
or Anneo Drainage & Metal Products, Inc. 
or their products) 

Anneo (see Asbestos-Bonded, Corrugated 
metal pipe (standard, nestable, helical 
lock-seam). Bin-type retaining walls, 
(Corrugated metal sheets, Flex-Beam 
Guardrail, Jacking, Liner Plate, Mul¬ 
ti-Plate, Part circle culverts, Paved- 
Invert, Sewers, Sheeting, etc.) 

Armco (Culvert Mfrs. Assn.; Armco Drainage 
Products Assn.; Armco Drainage & 
Metal Products, Inc., 3, 21, 29, 34, 38, 
45, 46, 54, 57, 63, 153, 163, 177, 267 
Armco International Corporation, The, 3 


563 



564 


INDEX 


Armco Research Laboratories, 4, 44, 4G, 54, 
161 

Armco Steel Corporation, 3, 14, 25, 148 
Asbestos-Bonded pipe 

durability, 161, 163, 175 
weights, T8-4, T8-7, 74, 77 
sewer, 121, 144, 162 

Asphalt coating and lining (see Bituniinous) 
Assembly, corr. metal structures, 438-442 

retaining walls, 471 
Assn, of American Railroads, 29 
Aston, James; corrosion, 171 
Athletic field drainage, 331 
Auger, soil, 306, 345 


B 

Babbitt, II. IC.; stowage flow, 268, 289 
Backfill (see also Fill, Filter, Tanif)) 
costs, 182 

instructions, 446-450 

material, re strength, (i7 
pervious (various ref,), 314, 342, 453 
retaining walls, 472 
threaded pipe, 4()9 
Backflow, backwater, 371 
Bailey, 1^1. H.; durability, 158, l(i3, 177 
Baker, I. O.; soils, 509 
Baker, R. C^; durability, Kil 
Baker, R. F.; landslides. 356 
Ballast section, 254 
Band (see (xnipling) 

Barnard, R, pile shell research, 34 
Baseball dianiond drainage, 331 
Base (see Sub-base, Foundation) 

Base plates, bin-wall, 381, 385 
Baumanti, E. R.; septic tanks, 289 
Batter, retaining wall, 381 383 
Beam strength test 

bridge plank, steel, 45 
corrugated pipe, riveted, T7-1, 60-61, 69 
Flex-Beam guardrail, T5-3, 44 
Ilel-Cor pipe, 01 
structural plates, curved, 38, 41 
Beam Type guardrail, 408 
installation instr., 477-479 
Bearing value of soils, 302, 323, 380, 509 
Bedding (sec also Foundation) 

conditions for trench crinduits, 8 
costs, 184 
of conduits, 434 
Bending moment, 57-59 
Better Roads magazine, 240, 317 
Beveled ends, culvert, 247 
Bibliographies, soil studies, 310, 356 
Binger, W. V.; U. S. Engrs., 9 
Bins, storage and surge, 420-431 

tests on liner plate joints, T6-1, 51-53 
Bin*wail (retaining wall), 363, 380 
installation, 470-472 
Bituminous coated pipe 
durability design, 174 
installation instructions, 439 


Bituminous coated pipe—Continued 
leakage test, T4-1, 34 
watertightness, 372 
weights, T8-4, T8-6, 74, 77 
Bituminous pavement, bridge roadway, 482 
Bolts; bolted joints 
advantages, 48 
failure, 50 

high tensile steel, 49, 81 
Boring 

installing small diam. pipe, 358, 406 
instructions, 461 
Borings (see Auger) 

Boussinesq, load formula, 23 
Branch, Y-fittings, 283 
sewer, 286 

Braune, G. M.; U. of N. C. 

load research, 11 
Bridge (see Abutments) 

Culverts vs. Small Bridges, 236-239 
drainage, 340-343 
filling, 468-469 

I>larik 

corrugation, 37 
deflection tests, 45 
Installation, 480—482 
rail, 411, 413, 479 
replacement, 239, 468 
surfa(!e drainage, 252 
Brown, J. B., 206 
Bruce, A. G.; highway design, 171 
Bulkheads, sheeting, 389 
Bureau of Public Roads (see V. S. Bureau of 
Public Roads) 

Bursting stress in bins, T51-4, 427 
Buttresses, landslide, 356 


C 

Cain, Wm.; TT. of N. C. 

load research, 11, 431 
Caissons, bridge piers, 464 
California State lly. f’ornin., 44 
California, IJniv. of, 206, 339, 354 
Camber, grade line, 19, 245, 435-437 
Canadian Dept, of Transport, 135 
Cantilever culvert outlet, 245, 335, 360 
Capacity (see also Discharge, Size) 
airport drains, 272-280 
bridge, 238 
culvert, 224-240, 278 
ditch, 206-211 
drop inlets, 234 
sanitary sewers, 280 
sewers, 265-268, 272-280 
soil-carrying, of water, 210 
spillway, 365 
subdrains, T37-1, 312 
units, equivalent, T65-3, 492-493 
weir notch, 365 

Capillary moisture, 308, 322, 333, 335 
Carnegie’s Pocket Companion, tables. 498, 
500, 501, 503-504 
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Csiiit iron pipe, 7, 09, 1S3 
C’at<‘hbnsiri (.see also Inlets), 2S4, 340, 349 
Cathodic protection. 170 
Cattle passes (see Underpasses) 

Caughey, 1C A.; bin pressures, 431 
Cemetery siibdrainage, 329 
Channel, stream. Design cf, 206*211, 361 
('hannels, unbalanced, 81 
Check dams, 3()5 

Chemical Characteristics of Water and Soil 
Which Affect Durability, 167-1/1 

Chezy flow forrimla, 200 
C'liicago & North Western ItH 
subdrainagf; installation. 325 
('inders, UiO 

(’ircle, area, TOo-ll, T05-10-17, 49S. 502-504 
properties, T05-15, 501 
('ircular, measure, T<)5“7, 495 
Circumference of circles, T(i5-15, T(*5-17, 
501, 503 

segitient, areas, T05-11, 498 
Civil Aeronautics Admin., 71, 134, 304, 350 
Civil lOngineering magazine, 240 
Clark; properties of ice and snow, TO.5-7, 495 
(darkeson, .1.; highway design, 171 
(d;i\ di'ain tile (see Vitrified <4ay) 

C’oal bins, ’'rOl-l, 420, 124, 420, 427 
(‘oatings 

bituminous (non-nietallic), 174 
galvatuzed, 101, 109, 173 
protective, durability, 147-177 
watertigli triess, 309 
(’oefficient, roughness, n, ditch, 20S 
air pipe, T50-1, 418 
impervioiisness, 2ti() 
pipe lines, 271 
subsurface draifi.age, 352 
(/offerdanis, 389 
(d)hesion of soil, 301 
('olumn strength, T15-2, 144 
(V)lumns, bin-wall, 381, 385 
Column tests 

on i)ipe, 02, (»3 
on plates, 40-41 
Colvin, (\ ,M.; jacking, 459 
Combined surface and sub.surfa.ce drain.'ige, 
airport, 348 

Commodity Credit Corp., 431 
Compaction (see Settlement arid T.ampingi 
Coinpressi(Mi caps, 444 
Compre.ssion tests on joints, 51-53 
Concentration, time of, 198, 200, 350, 352 
Concrete 

arch lining, 4(}5 
cradle, 9, 430, 437 
ditch checks, 301-303 
encasement, 437 
gutters, 364 
pipe 

cost studies, 180 
head wall need, 259 
rating, durability, 151 
rigidity, 7, 08 
roughness coeflicicnt, 271 


Concrete, pi i)e—C\)n tin tied 
subdrain. 454 
weights, 183 

Concrete Pipe Handbook, 183 
Conduit (see also C'ulvert, Pipe) 
flexible. 7 

“negative projecting,” 8 
“projecting,” 7 
public utility, 397, 399 
“trench.” 7 
ty^H^s, 07 

underground, 5, Appendix A 

Connections (see also Bolts, Joii\ts, Seams) 
band, 72, 438 
riveted, field, 72 
Sewer appurtenances, 281-290 
Construction costs, drainage, 179-193 
Cojiversion tables, 191-497 
Cotiveyor covers, 09 
Cooper, railroad lo.adiiig, 23, 124 
(Vn jjell I'nivorsitN' 

tluMiry of flexure, 03 
t'orps of lOngineers (.see IT. S.) 

('ore wad, 308 

Corner sections, si eel sheeting, 390 
('orro.sion, cause of deterioration, 107 
Corrugated metal pipe, standard [see also 
Corr. metal pipe (liclical lock-seam), 
Corr. metal sheets, Culverts. Multi- 
Plate, Pavod-invert, iVrforated pipe, 
Sewei'sl 

background, 09 

coefficient of roiighness, 271 

eondnits, tunnels, underpas.se.s, 405 

cost of installation, 180 

<litch enclosure, 303 

durability- rating, 150 

fabrication details, 72-76 

fit tirigs, 283 

gages, highway, T9-2, 'r9-3, 107 
gages, sewer, T10-1, T10-2, 118-119 
gages, raiIwsiy, 'F11 -1, 125 
gage.H. levee, T12-1, 133 
gages, airport, T13-2, 130 
instructions for installing, 433-451 
manhole, 282, 285 
nesting, 181 
sluiceway, 31)8, 371 
small bridge, 230 
spillways, 305 
strength (see Strength) 
weights, T8-4, 73, 74, 183 
Corrugated metal pipe (helical lock-seam) 
Immuii sti'ength. T7-1, 01 
column strength, T7-2, 03 
crushing .strength, 25 
fittings. 283 

( Vrrrugaterl metal sheets 
pliysical |)roperties, 36 
('orrugated metal plates (see Multi-Plate) 
Corrugated metal structures (pipe, arches, and 
pipe-arehes) 

durability design, 172-177 
installation instructions, 433-451 
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Corrugated pipe-arch 

fabrication details, 76->77 

gages, highway, T9-4, 108 
gages, sewer, TlO-3, 119 
gages, railway, Tll-2, 125 
gages, airport, T13-3, T13-4, 137 
weights, T8-6, 77 
Corrugations 

strength, influence on, 41 
type and dimensions, 35-37, 39 
Cost (see also Economy) 

Installation, 179-193 

assembling Multi-Plate, 187 
detour provision, 188 
end finish, 191 

engineering and inspection, 180 
equipment and tools, 188 
excava. and backfill, 182-184 
guardrail, 193 
items studied, 180 
lay, line and join, 185 
maintenance, 193 
material cost, 180 
miscellaneous factors, 190 
preparing bed; placing now structure, 
184 

railroad freight, 181 
removing old structure, 184 
rei)la<*ing surface, 188 
retaining walls, 192 
salvage value, 193 
slow orders, 189 
strutting, 188 
supervision, overhead, 190 
total, 180 

t ransportation and handling, 181-182 
truck haulage, 182 
(’ouplings 

standard band, 72 
watertightness, 33, 75, 280, 287 
Cover, minimum height of 

airports, T13-2 to T13-7, 13(>-139 
highway loading, T9-1, 100 
Cradling, concrete, 9, 430, 437 
(’ribbing, 350 
(’ritical 

slope, 215, 222, 305 
section, 212 
velocity, 212 
Crossing, grade, 328 
Cross-section of roadway, 251, 254 
( Vown, 251 

(’ube of numbers, T05-17, 503-504 
Cube roots, T05-17, 503-504 
Culvert (see also Corrugated metal, Multi- 
Plate, I'ipe, etc.) 
alignment, 242 
bridge, 230-239 
definition, 224 
design, size, 224-240 
drop-inlet, 234, 245 
durability, 147-177 
end finish, 258-264 
equalizer, 248 


Culvert—Continued 
extension, 259 
farm entrance, 248 
grade, 244-245 
headwalls, 258-264 
hydraulics of, 224-240 
installation costs, 179-193 
installation instructions, 432-451 
investigations, durability, 154-161 
location and length, 241-249 
levee, 250-257, 372 
multiple, 238 
port circle, 291-293 
paved invert (see Paved Invert) 
relief, 249 
relocation, 193 

sizes (see also Size of Waterway), 224-240 

skew, 243, 247 
vs. small bridge, 230-239 
Curve data, for bin-walls, T47-1, 38()-387 
guardrail, 414, 479 
Cutoff wall (see also Diapliragm) 
sheeting, 201, 389 

(hits, drainage of wet, 320, 321, 325, 343 


l)alrymi)le, Tate; streainflow, 240 

Dam. 234, 305, 307 

Decimals 

degree, of a, T()5-S, 490 
feet, conversion, T05-9. 497 
inches, conversion, T05-10, T05-14, 407. 
500 

s<iuare roots of, T()5-n), 50(‘> 

Deck drain, lialf circle, 342 
Deflection (see also I 'lexible) 

angles, retaining wall, T47-2, 387 
effect on load, 11 
I'lexible culverts, Tl-1, 15 
function of gage ami load, 55, 70 
law of, 70 

Multi-Mute pipe, I’l-n, IS 
pipe-arch tests, Tl-2, Iti 
railroad culverts. 1(»0 
tests, laboraloiN-, 55 
Deliver & Hio (Jrande Western IMi, 14 
Depth of fill on pipe (see (’over) 

Depth of suhdrains 
airport, 352, 354 
recommended, 337 
Design 

Airport Drainage, 344-354 
Airport, Loadings, 134-139 
Size of pipe, 272-280 
Asbestos-Bonded metal, 175 
Corrugated Metal Structures, 66-103 
Culvert Location and Length, 241-249 
Culvert Sizes, 224-240 
Culverts under Levees, 256-257 
Culverts Vs. Small Bridges, 236-239 
Drainage of Bridges and Grade Separa¬ 
tions, 340—343 
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Design- (Continued 

Durability, 165-177 
End Finish of Culverts, 256-264 
Guardrail and Bridge Rail, 407-414 
Highway Loadings and Gages, 105-117 
Highway Surface Drainage, 250-253 
Hydraulics of Culverts, 224-240 
Hydraulics of Sewers, 269-280 
Part Circle Culverts, 291-293 
Pipe, Corr. Metal, 72-76 
Principles and Practices (Size), 194-293 
Levee Loadings, 132-133 
Liner Plate Gages, 140-143 
Multi-Plate Structures 
archos, 8(>-103 
pipe, SI-82 
pipo-art*1ios, S3-85 
Open Channels, 206-211 
Railway Loadings and Gages, 124-131 
Railway Surface Drainage, 254-255 
Retaining Walls, 378-388 
Selection of Materials on Durability Basis, 
172-177 
Sewers, 265-268 
Sewer Appurtenances, 281-290 
Sewer Loadings and Gages, 118-123 
Sheeting, Steel, 389-396 
Storage Bins, 420-431 
Strength of Conduits, 65-145 
Subdrains, 311-316 
Subsurface Drainage, 294-339 
Surface Drainage, 250-255 
Tunnels, Underpasses, Conduits, 397-406 
Ventilation, 415-419 
Deterioration 

iMiiterial and struetiirnl, 15()-lt52, 107 
Detour costs, 188 
DewatoririK of excavation, 190 
Diaphragms, 309, 372, 441 
Dike culverts, 250, 371, 4S(i 489 
Discharge (see also (‘aj)acit.v, Hunoflf, Size) 
circular conduits, 280 
Culvert, 226-233 
Sewer, 272-280 
Subdrains, 312-313, 318, 352 
Disjointing 

culvert pipe, 30, 303, 308 
suhdrains, 353 

Disturbance factors in sewers, 270 
Ditch 

capacities, 207-210 
checks, 301 
diversion, 345, 300 

enclosure (see also Stream enclosure), 345, 
303, 300 
lining, 304 

spillway (= check), 301 
surface drainage, 253, 255 
velocities, permissible, 207, 210 
Diversion ditch, 300 
Downs, W. S.; culvert survey, 158 
l^ownspouts, 253, 342 
Drag-down, vertical, on bins, T51-3, 420 


Drainage 

Agricultural, 333-339 
Airport, 344-354 

area (size, character, etc.), 200, 220, 200 

Bridget and Grade Separations, 340-343 
Gates, 373-377 
Highway Surface, 250-253 
Land Reclamation, 371-377 

landslide, 350 

openings, methods of providing, 455 

Railway Surface, 254-255 
retaining w^all, 378, 380 
Special Problems, 340-377 
Street, 281, 291 
Subsurface, 294-339 
Surface, 250-255, 344 

Drain pipe (see (\ilverts, Snbdrains, Sewers) 
Driving steel sheeting, 392 
Drop-downi, hydraulic, 212 
Drop-inlet, 234, 245, 300, 303, 308, 370 
Drying crops, 419 
Ducts, air, heat, 417, 418 
Dunlop; airi)ort engineering, 354 
Durability, 147-177 
airport drains. 353 
Design, 165-177 

Field Investigations, 148, 154-163 
Metals and Coatings, 172-177 
Methods of Determining, 147-153 
Studies, metals and coatings, 147-177 


E 

Earth Control, 379-396 
Economic Factors, 179-193 

large diameter culverts, 236-239 
part circle culverts, 291 
separate v,s. combined sower, 205 
Efficiency 

bolted joint, 49 
hydraulic, 243, 244, 354 
Elastic theory of flexure, 57 
Elasticity, modulus of stand, corr. metal, 30 
Elbow, fittings, 283 

Elliptical liner plate underpasses, 143, 401 
I011ii)ti(^ul pipe, 82 
Elongation, verticjil diameter, 443 
Embankment 

load tests under, 7, 9, 12, 18, 30 
protector, 359 
settlement (sec Settlement) 
soil characteristics, T30-5, 302 
lOmpirical formula, earth pressures, 379 
strengtli, 00 
rainfall runoff, 190 
Encasement of corr. metal, 437 
Enclosures (see Ditch enclosures and Stream 
enclosures) 

End Finish of Culverts, 76, 258-264, 450, 488 

End sections, metal 

dimensions, T31 -1, T31 >2, 262-263 

durability, 170 
erosion prevention, 243 
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End sections, rnetal- C’ontinucd 
installation costs, T22-3, 191 
Encroachment (sec Ivrosion) 

Engineering costs, 180 

Engineering News-Record, 21, 135, 148, 158, 
180, 271 

Eno, F. IE; subsoil investigations, 309 
Entrance 

of culvert, 243 

culverts, private and side road, 248 
loss, 269 

Equalizer culvert, 248 
Equipment 

costs; use of, 188 
jacking, 459 

pile driving, sheeting, 473, 474 
strutting, 444 
tamping, 447 

Equivalents, conversion tables, 491 -497 
Jvrie R R; tunneling, 327 

Erosion; Scour 

at end of culvert, 243, 245, 300 
bank, preventing, 366 
ditch, prevention, 209, 243, 361-365 
invert, 150, 154, 369 
Roadway Prevention, 359-367 
shoulders, 349 
transverse gullies, 360 
Excavation (see also Trenching) 
bin-walla, 470 
c*osts, 182-184 
jacking method, 459 
lOxplosion door, 417 
Expressway (see also Turnpikes) 
Rronx-Whitoatone, 282 
Extension 

culvert, 259, 360 


F 


Fabricated metal products, date of introduc¬ 
tion, Tir)-3, 153 
Fabrication 

corrugated pipe, T8-3, T8-4, 72-76 
corrugated pipe-arch, T8-5, TS-6. 76-77 
IMulti-Flate structures, T8-8, TS-9, T8-10, 
78-80 

I)ipo for jacking, 459 

Factor of safety, 68, 70, 81. 224, 231, 233 
J’'an ducts, 417 
Farm entrance, 248 
I'ami ponds, 3()9 

Fedora, of ISewage Works A.ssiis., 171 
Feld, Jacob; jacking pressures, 459 
Field Investigations, durability, 148 

ineasuremeiits of settlement, deflection, 8, 
17 

Filkins, Claude W. L.; elastic rings, 63 
Fill (see also Backfill) 

permissible height or depth, 81, 82, 105 - 
143 

soft, 320, 324 


Filter material, subdrain, 313-315, 454 
Fittings, pipe (see also Connections), 282 
Sewer Appurtenances, 281-290 
Flap gates, 372-376, 484, 486-489 
Flange type sheeting, 389 
Flared entrance, culvert, 233, 360 
Flex-Beam (see Guardrail) 

Flexible (flexibility) type of culvert or con¬ 
duit (see also Corrugated metal, De¬ 
flection, Strength, etc.), 7, 68 
Flood Control and Land Reclamation, 371-377 
Flow (see Hydraulics) 

Flowing water, equivalents, T65-6, 494-495 
Flourescein (ground water tracer), 306 
Flumes, 364, 365 

Folwell, A. P.; sewerage reference, 280 
Fo()ting.s (see Foundations) 

Force, tractive hydraulic, T24-2, 210 
Forces (see Pressures, Loads) 
destructive, materially, 147 
Ford, paved, 249 
Formulas 

bending moment, 58 
CJiezy, 206 

Darcy-Weisbach (air), 418 
deflection, 70 
discharge, weir notch, 365 
ditch check spacing, 361 
durability rating, 151 
earth pressures, 379 
hydraulic, complexity, 210 
Jarvis-Myers, runoff, 227 
Kutter, 270, 272, 273 
Manning, 206, 270, 351 
pressures in deep bins (Janssen), 423 
Ramser, 234 
rational, 266, 350 
strength (empirical), 66, 70 
subsurface runoff, 313 
surface runoff, 226, 260 
Talbot (runoff), 226 
trigonometric, T65-13, 500 
Fort, Edwin J.; ela.stic rings, 63 
Fortier, Samuel; hydraulics, 207 
Foster, Edgar E.; rainfall, 197 
Foundation (see also Bearing power, Sijbgrade) 
bin-walls, 471 
chara{’tor of, 67, 318, 324 
corrugated metal structures, 434 
Multi-Plate arches, 93 103 
retaining walls, 380 
subdrain, 354 

Fowler, Geo. L.; strength research, .59 
Fractions, conversion to decimals, Tt).")-! 1, 
500 

Free moisture (see Gravitational) 

Free outlet , 218, 231, 365 
Freezing (see I>ost) 

Freight 

car capacity, 181 
charges, 181 
French drains, 313, 338 
Friction loss in sewers (see also Coefficient of 
roughness), 270 
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Frost action, 31, 353 

Frost boils and heaving, 305, 309, 347 

Frost, R. E.; soil mapping, 310 

Fuller, Earl I.; frost, 317 

Functions 

of numbers, T65-17, 503-504 
trigonometric, T65-12, 499 


Gage 

Bridge Plank, Armco metal, 481 
Corr. Metal Pipe, T8-4, 74 

H-20 live load, unstrutted. T9-2, 107 
H-20 live load, strutted, T9-3, 1()7 
H-10 live load, trench cond., TlO-1, 
118 

11-20 live load, trench cond., TlO-2, 
119 

E-70 live load, unstrutted and strut¬ 
ted, TM-1, 125 

Under levees and dams, T12-1, 133 
Under airports, T13-2, 130 
Corrugated Metal Pipe>arches 
11-20 live load, T9-4. 108 
H-10 live load, trench cond., TlO-3, 

119 

E-7() live load, Tll-2, 125 
under airfield pvmt., rigid, T13-3, 137 
under airfield pvint., flexible, T13-4, 
137 

Highway Loadings, 105-117 
Multi-Plate Arches 

H-2() live load, T9-13. 110 
H-15 live load, T9-14, 110 
H-10 live load, T9-15, 117 
No live load, T9-16, 117 
H-10 live load, sewer, TlO-8, 123 
H-20 live load, sewer, TlO-9, 123 
E-70 live load, Tll-7, Tll-9, 130, 131 
E-50 live load, Tll-8, 130 
Multi-Plate Pipe 

H-20 live load, unstrutted, T9-5, 109 
H-20 live load, strutted, T9-0, 110 
No live load, unstrutted, T9-7, 111 
No live load, strutted, T9-8, 111 
II-IO live load, trench cond., TlO-4, 

120 

H-20 live load, trench cond., TlO-5, 
120 

E-70 live load, unstrutted, Tll-3, 120 
E-70 live load, strutted, Tll-4, 127 
Airport loading, T13-7, 139 
Multi-Plate Pipe-arches 

H-20 live load, T9-9, 112 
H-15 live load, T9-10, 113 
H-IO live load, T9-11. 114 
No live load, T9-12, 115 
H-10 live load, sewer, TlO-6, 122 
H-20 live load, sewer, TlO-7, 122 
E-70 live load, Tll-5, 128 
E-50 live load, Tll-6, 129 


Gage, Multi-Plate Pipe-arches—Continued 

Airport loading, T13-5, T13-6, 138 
multiple, 81 

part circle culverts, 292 
Railway Loadings, 124-131 
steel sheeting, T47-3, 390 
Tunnel Liner Plate, 140-143, 402 
H-20 live load, T14-1, 140 
E-70 live load, T14-2, 141 
E-70, arch rclining, T14-3, 142 
H-20. elliptical. T14-4, 143 
E-70. elliptical, T14-5, 143 
strain, 18 

U. S. Standard, sheets and plate iron and 
steel, Tfi5-20, 507 
Gaging stations, rahifall, 195 
Galvanizing (sec Spelter), 173 
Gates, Drainage, 177, 3(19, 373-377 
available models, T4()-2, 376 
dimensions, Model 100, T4r)-1, 374 
installation instructions, 463-485, 486-489 
Georgia State Hy. Dept., 148 
Gilliland, J. L.; corrosion, 177 
Golf course drainage, 329 
Grade (see also Slope) 
culvert, 244-245 
ditch, 361, 365 
storm sewer, 272 
subdrain, 316, 453 
Grade crossing drainage, 328 
Grade Separation Structures, 340-343 
Grain bins, 420, 426, 431 
Granular base, 436 

Gravitational moisture, movement and con¬ 
trol, 308, 333 

Gridiron system of drains, 336 
Griffin, Ira P.; airfields, 345 
Ground water (see also Capillary, Gravita¬ 
tional, Hygroscopic, Moisture), 270, 
307 

Grouting, 406, 463, 466 
Guardrail 

Design, 407-414 
durability, 177 
impact tests, 43-45 
installation costs, 193 
Installation Instructions, 477-479 
joints, tension tests, T(>-2, 54 
Gullies (see Erosion) 

Gutters, 252, 360 


Hand excavation, 182 

Hand placing, 184 

Hanson, W. E.; foundations, 310 

Hardenbergh, W. A.; sewerage. 171, 268 

Hauling, truck, 182 

Head 

flow under, 224 
loss, 269 

permissible on gates, 374-376 
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Headwalls, 258-264 

drainage gate, 488 -489 
iiiHtallation, 448 
metal end sections, 202-204 
sheeting, 201 
Heaving 

frost action, 309 
track, 323 

Height, permissible fill (see also Cover), 81, 
82, 10,5-143 

Hel-Cor pipe (see Corr. metal pipe—lock- 
seam), 25, 37, 61, 03, 283, 315, 417, 
418, 440 

Hcli(‘a] (see Corr. metal pipe—lock-seam) 
Herring-bone system, drains, 330 
High fills, culverts under, 18, 451 
High water records, 220 
Highway culvert inspections, 154-158 
Highway Magazine, The, 158, 103, 177 
Highway Research Board, 17, 29, ,54, 105, 
148, 239, 300, 304, 309. 339, 350, 459 
Highway Subdrainage, 317-322 
Highway Surface Drainage, 250-253 
Hittle, ,1. E.; aerial mapping, 310 
HoronjefT, Robt.; airport design, 3,54 
Housel, W. S.; tunnel liner research. 51 
Hydraulic 

considerations, culvert, 224 
efficiency of culvert, 200 
equivalents, T05-0, 494-495 

Open Channels, 206-211 
radius, 200, 279, 511 
Theory of Critical Flow, 212-223 

traffic, 154 

Hydraulics of Sewers, 269-280 
Hydrology (see also Capacity, Flow), 195-205 

Hydrostatic pressure, 59 
Hygroscopic moisture, 307, 335 


Ice, properties of, T65-7, 495 
Illinois Central Railroad, 12 
Illinois, University of 

strength research, 21, 38, 54, 57, (»2 
septic tank research, 289 
Impact (see Load, surface) 
airplane, 135, 353 
guardrail, 43-45, 407 
part circle culverts, 291 
Research, 22-29 

Injpervious (see also Perviousness) 
relative values, T23-5, 201 
Industrial tunnels, 398 
Industrial wastes, 208 
Infiltration 
sewers, 268 
subdrains. 314 
surface water, 354 
Inlet (see also Catchbasin) 
culvert, droptype, 234, 245 
effect on capacity of culvert, 233 
sewer, 281 


Inlet—Continued 
subdraiii, 314 
Insi)ection 

culvert size, 220 

Highway Culverts, 154-158 
Multi-Plate pipe and arcli, 157 
Railway Culverts, 159-161 
sew'crs, 102 
Installation 

conditions of; methods, 07, 131 
Cost Studies, 179-193 
instructions, 432-489 

Arrnco Gates, 483-485 
Beam-Tvpe Guardrail, 477 479 
Bin Walls, 388, 470-472 
Boring, 400-401 
Bridge Filling, 408-409 
Corrugated Metal Structures. 433 451 
Flap Gate Drainage Stniclures, lS(i- 
489 

Jacking, 455-459 
Lining, 405-4(>7 
Metal Bridge Plank, 480 482 
part circle culverts, 293 
I*erforated Pipe Siibdraius, 452 454 
Sheeting, 473-470 
Tunneling, 405, 402- 404 
.simplicity of culvert, 238 
Intake (see Inlet) 

Intensity of storms, 190 
Internal Pressures, 32-34 
Intercepting ditches, 253, 255 
Intercepting drains, 311, 3It), 324, 343, 340, 
348 

Interception 

ground w'ater, 308, 311, 344 
surface water, 251. 345 
Interference, traffic, 1S9 
Interlocking sheeting, 389, 470 
Introduction of fabrica. metal products, 
TlO-3, 153 

Invert (see also Paved Invert), 174 
Investigation (see Durability, Culvert, Re¬ 
search) 

Iowa Agricultural Experi. Station, 339 
low'a State C’ollege, Engineering Experinnmt 
Station 

load research, 7, 11, 24, 50, 70, 339, 305, 
431 

subdrainage research, 312 
Iowa, University of 
flow' research, 231 
Isoh^otal map.s, rainfall, 190 
Izzard, Carl F.; drainage, 239 


J 

Jacking Method 

Instructions, 456-459 

small diameter pipe, 357, 460 
tunnels, 405 

Janda, H. F.; load re.search, 11 
Jarvis-Myers runoff formula, 227 
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Joints, pipe (see also Connections, Disjoint¬ 
ing) 

bolted, research on, 47-54 
effect on cost, 184-185 
effect on flow, 270 
inspection of, 150-151 
riveted, strength test, 48 
sewer, 287 
tightness, 358 
Jones; airport design, 35*1 
.Tourmil of Agri. Hesearch 

rainfall frequency—intensity, 201 


K 

I\clley, K. \\: USBPI?, 148 
Ketclium, Milo 8.; bin stresses, 4.31 
King. H, W. 

tables, general, 497, 505, 500, 508 
use of Manning formula, 200, 305 
King, J. A.; tile drainage, 339 
Kirkhain, Don; snbdrainfige, 339 
Kropf, W. J.; culvert life, 21, 158 
Kuttor 

formula, 272, 273 
value of n. 270 


L 

Labor 

costs, 184 193 
jacking nietlH)d, 459 
Laboratory tests; (see also Research) 
durability, 148 
flow, 210 212 

strength, 38-40, 47 .54 , 55 (»3 
L.ake, :irtificial, 3(»9 
Landing field (see Airport) 

Landslides, 355-358 
causes, 355 
drainage, 350-3.58 
remedies, 3.55 358, .388 
Lang, F. C.; subgrade stabilization, 318 
Larew, II. G.; laTjdslides, 350 
Large diameter pipe, 300, 451 
IjUterals, .3.30 

Leakage (.see Watertight, Infiltration) 
Length and Location, Culvert, 241-249 
Length, culvert and drain pipe 
computation of, 240 
effect on cost, 185 
gain due to connection, 439 
pipe for jacking, 456 
standard for corr. metal pipe, 72 
table, conversion, T05-1, 491 
Levee, 371 

drainage of, 250 
gages of corr. metal pipe, 13.3 
installing culverts, 480- 489 
Level water table, 319 
Life expectancy. 148, 149, 1.52, 100 
Lift-operated gates, .37.3 377, 483 


Line (see Alignment) 

Liner Plate 

areas, plate combinations, T48-1, T48-2, 
400-401 

arch or culvert lining, 400 
durability, 170 
gages, highway, T14-1, 140 
gages, railway, T14-2, 141 
gages, railway arch relining, T14-3, 142 
gages, highway, elliptical, T14-4. 143 
gages, railway, elliptical. T14-5, 143 
joints, 51 -.53 
tunnel lining, 402 
Lining (see also Threading) 
arch, 97 

conduits, 465-467 

ditch. 301 
tunnel, 402 

Liquid limits, soils. 300 
Load (sec also Impact, I’rossure. Landslides, 
etc.) 

Airport Loadings, 134-139 

beam, 00 

eon.>truction, 10.5 

cracking, 28 

Dead, 5-21, 94 

distribution on wales, 393 

factors, 07 

highway, 105-117 

impai^t (see Imj)act) 

legal limits, 105 

levee loadings, 1.32 -1.33 

live (see surface lo.'ids) 

niiscollanoous, 144 14.5 

Railroad loadings (and gages), 124-131 

Sewer loadings (and gages), 118-123 

Research on, 5-63 

Surface, 22-29, 94 

theory, 5 

Loading (rosts (and unloading), 181 
Location, Culvert 

Length and, 241-249 
Location of guardrail, 477 
Location of suhdrains, 311, 313, 319-33t) 
Logarithms, TO.5-17, 503-504 
Lynes, W. S.; tile drainage, 339 


M 

Machine 

excavation vs. liand, 182 
placing, 184 
Maintenance 
costs, 193 

culverts vs. bridges, 2.38, 4t)8 
guardrail, 479 

roadway, street, detour, 188, 189 
sowers, 282, 290 
subdrains, 3.38 
Mal-alignment, 353 
Manhole, 282, 285 

Man-hour (see Installation cost studies) 
Manning formula, 200, 3.51 
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Manning formula—Continued 
coefficient n, 270 

comparison with Kutter formula, 270 
solution 

diagrams, 274-277 
table, T33-3, 278-279 
square roots of decimals, T65-19, 506 
Marston, Anson 

culvert load research, 6 
Martens, K. W.; sewer inspections, 103 
Mason, Clyde; load research, 29 
Materials, compressive and tensile strength, 
T65.22, 509 

Material deterioration, 150-152, 101 
Materials for structures, 1, 3, 7, 55, 400 
Materials, weight of construction, T05-21,508 
McLeod, N. W.; airport load, 135 
Median strips, 252, 408 
Menefee, L. N.; transverse forces, 30 
Metal bridge plank (see Bridge plank) 

Metal, chemical analysis, 172 
Metcalf and Eddy; seAverage, 271 
Metric units (see Tables), 491, 493 
Miami ('onscrvancy District, Ohio 

theory of backwater and critical flow, 214, 
240 

Michigan State fVdlege 

corrugated plate research, 38-43 

Michigan State Highway Dept, 
corrugated plate research, 38-43 

subgrade research, 318 
Michigan, Eniversity of, 30, 51 
Military J'lnginecr, The, 345 
Mine entries, shafts, escapeways, 399, 404 
ventilation, 416 
Mineral waters, 108 
Minnesota, State Highway Dept. 
Multi-lMate research, 27 
subgrade research, 318 
Minnesota, University of 

subdrainage runoff, 312, 352 
Miscellaneous Problems, 378-431 
Missouri State Hy. Dept. 

research on guardrail, 43 
Modern Uailroads magazine, 240 
Moisture (see also (’apillary. Gravitational, 
Hygroscopic, Water) 
amount in soils, 295, 335 
agricultural requirements, 333 
kinds of, 307 

Mollard, J. B.; aerial mapping, 310 
Moment of inertia 
Multi-Plate, 78 
stand, corr. metal, 30 
Mosquito elimination, 371 
Movement (see Soil, Landslide) 

Multiple opening vs. single, 238, 441 

minimum permissible spacing, 442, 489 
Multiple track drainage, 325 
Municipal Subdrainage, 329-332 
Multi-Plate 
Arches 

abutments, 102, 103 

design for strength. 86-103. 


Multi-Plate, Arches—Continued 

durability inspection, 157 
foundation design, 93-103 
gages recommended 

H-20 live load, T9-13, 110 
H.15 live load, T9-14, 116 
H-10 live load, T9-15, 117 
No live load, T9-16, 117 
H-10 live load, sewer, TlO-8, 123 
H-20 live load, sewer, TlO-9, 123 
E-70 live load, railroad, Tll-7, 
TM-9, 130, 131 

E-50 live load, railroad, Tll-8, 130 
installation instructions, 441 
lining with, 466 
load tests, 26 
reactions, load, 93-103 
representative sizes, T8-14, 90-93 
rise/span ratio, T8-14, 90-93 
shape, 87, 94 

waterway, T8-14, 86, 90-93 
bolts, T8-9, T8-10, 79, 80 
corrugations, 36 
Design, 78-103 
development, 69 
physical properties, T8-7, 78 
Pipe 

deflection, Tl-3, 18 
design for strength, 81-82 
durability inspection, 157 
gages recommended 

H-2() live load, unstrutted, T9-5, 
109 

H-20 live load, strutted, T9-6, 110 
No live load, unstrutted, T9-7, 111 
No live load, strutted, T9-8, 111 
H-10 live loud, trench cond., 
TlO-4, 120 

H-20 live load, troncli cond., 
TlO-5, 120 

p]-70, live load, unstrutted, Tl 1-3, 
126 

E-70 live load, strutted, Tl 1-4, 127 
Airport loading, T13-7, 139 
installation instructions, 441 
weight, T8-10, 80 

Pipe-arches 

design for strength, 83-85 
gages recommended 

H-20 live load, T9-9, 112 
H-15 live load, T9-10, 113 
H-10 live load, T9-11, 114 
No live load, T9-12, 115 
H-10 live load, sewer, TlO-6, 122 
H-20 live load, sewer, TlO-7, 122 
E-70 live load, Tll-5, 128 
E-50 live load, Tll-6, 129 
Airport loading, T13-5, T13-6, 138 
installation instructions, 441 
live load tests, 26 
weight, T8-12, 85 
Plates (sections) 

beam tests, 38, 41 
description, 78-79 
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Multi’Plate, Plates (sections)—Continued 
physical properties, 78 
weights, T8-9, 79 
Seams or Joints, 48*50 

sewers, 120-123 

structures, fabrica. details, 78-81 
assembly costs, 187 
trade name, 14 
tunnels, 404 

waterway, 90-93, 229, 237 


N 

Negative projecting conduit, 8, 10 
Nestable corrugated metal pipe, 54. 405 
Nesting of corr. metal pipe, IS I 
New York State Dept, of Public Wk.s., 317 
Noonan, N. G.; c<irrosion, 177 
North Carolina, State Hy. Dept., IS 
North Carolina, University of 
load research, 10-12, 02 
Notch, capacity of weir, 305 


O 

Obsolescence, 100, 103, 239 
Offset joint, research, 51 
Ohio Public Works mag., 171 
Ohio State Highway Dept., 239 
Ohio State Uiiiversity 

beam tests or> c.rn.p., GO 
.subgrade re.sear(;h, 310 
Open channel (see Ditch) 

Opening (see Size) 

Open-trencJi installation, 405, 455 

OutfalLs, .sewer, 288 

Outlet 

bridge drains, 343 

culvert (.see Free, Submerged) 

drain pipe, 348 

free, 218-221, 231, 305 

sewer, 209 

subdrain, 310, 335, 452 
submerged, 232-233 
Overcasts, mine, 399, 410 
Overhead, costs, 190 


P 

Paaswell, Geo. 

soil pre.ssures, 31, 211 
Painting, guardrail, 479 
Panama Railroad, 9 
Parallel system of drains, 336 
Parking lot, 252, 397, 408 
Parks, drainage of, 329 
Parkway, New Jersey State, 318 
Part Circle Culverts, 291-293 
Passenger terminal 
drainage, 328 


Paveddnvert Pipe, 174, 369, 439 

culverts, 132, 154 
durability design, 174 
inspection, 155 
sewer, 121 
strutting, 444 
weight, 74-77 

Percolation, surface and ground water, 322 

Perforated Pipe, Corrugated Metal (tee also 
Subdrainage) 

adv'antage.s, 315 

Agricultural Subdrainage, 333-339 
Airport Subdrainage, 347, 348, 352 
Bridge Drainage, 340-343 
Highway Subdrainage, 317-322 
instructions for Installing, 452-454 
Landslide Subdrainage, 355—358 
Municipal Subdrainage, 329-332 
Railway Subdrainage, 323-328 
Perforations, po.siiio.j of, 313, 315-3Hi, 343, 
453 

Perimeter, wetted, 200 

J’ermeability (.see also Impervious), 301 

Pet^k, O. K., 14 

Pock, U. R., 14. 31, 310 

l*erviou.s backfill (see al.so Subbase), 314, 31S, 
323. 325, 331, 338, 342, 354. 409 
Physical properties 

metal bridge plank, T02-1, 482 
metal sheets, standarrl corrugated, 30 
.Multi-Plate plates, 78 
Tunnel liner plates, 402, 428 
Piers, Multi-Plate arch, 103 
Piling, 350 (.see also Sheeting) 

I*ile-driving, .392, 473 

Pipe (.sec also A.sl)osto.s-B()nded, Gast. i'*on. 
Concrete, (k)rrugafed metal, Culverts, 
Multi-Plate, l^erforated, Pavod-In- 
vert, Storm .sewer, Vitrifiorl, etc.) 
-arches, riveted 

dead load tests, 15 
design for strength, 70 -77 
gages, T9-4, 108 
installation instruct,ions, 440 
live load tests, 25, 20 
fabrication details, T8 5, T8 -ti, 70, 77 
weights, T8 -0, 77 
-arches, Multi-Plate, 20, 83-85 
gages, 112-131 
weights, T8-12. 85 
drop, 300 
jacking, 459 
sewers, 205-289 
spillway 

for dam, 368 

stream enclo8ure.s, 253, 265 
subdrains, 313, 315 
Plane figures, areas of, T65-11, 498 
Plasticity of soils, 299, 300, 301, 303 
Plate arrangement 

liner plate andies, T48-4, 403 
liner plate pipe.s, T4.8-1, T48-2, 400, 401 
Plates (see Multi-Plate) 

, Playground drainage, 330 
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PolifiK plates, boards, 464 
Porosity (see Permeability, Pervious backfill) 
Post spacing, guardrail, 411-412, 477 
l^jwers of numbers, 2/3rd8, T65-18, 505 
Precipitation (see Kainfall) 

Prefabricated structures, 179, 470 
Preparing bed, culvert, 184, 434 
Pressure (see also Frost, Landslide, Load, Re¬ 
taining wall, Strain gages) 
cells, earth, 12 
collapsing, 59 
equivalent fluid, 393 
frost, 31 

hydrostatic, 59-60 
internal, 32 
jacks, of, 459 
passive, 70 

transverse (lateral), 30, 341 
units, equivalent, T65-5, 494 

Preventing Soil Erosion, 359*367 

Prices 

bid, pipe, 1S7 
Projecting conduits, 8 15 
Public Roads (magazine), 10, 11, 21 
Pumping for 

subdrainage, 32(i, 343 
surface water, 322, 371 
Purdue Ibiivorsity, Ind.; soils, 309, 356 


Q 

Quicksand, 473, 475, 489 


D 

Radial gates, 377, 485 
Radius of gyration, 36, 78, 402 
Railroad (see Industrial. Terminals, Wet 
cuts. Yards, etc.) 

Railway Culvert Inspections, 159-161 

Railway Fng. and Mainlenance, 166, 238 
Railway Sul)drainage, 323 328 
Railway Surface Drainage, 254-255 
Railway Track and Structures, 257, 327 
Rain, Rainfall 

airport design, 344 

annual, average in IJ. S., 199 

culvert runoff formulas, 226-229 

formula, 267 

frequency, 200 

Hydrology, 195-205 

intensities, 196 

maximum, world, I'f. S., 197, 198 
seasonal, T23-3, 199 
storm sewer design, 266 
Ramser, C. F.; hydrology', 200 
Rankine’s formula, 211 
Rating, durability, culvert 

material and structural, 159-152 
Rational method 

storm sewer sizes, 266, 350 
strength design, 66 


Reciprocals of numbers, T65-17, 503-504 
Reclamation, Land, and Flood Control, 371-377 

Reducer, fittings, 283 
Reinforcement, steel, T65-24, 510 
Relief culvert, 249 
Reiining, 97, 404, 465, 467 
Relocation, culvert, 242 
Removal, of old structure, 184 
Repairs, sewer, 290 
Replacement of bridges, 239, 468 
Repose, Slope or angle of, 30, 211 
Republic Steel Corp., 38 
Research 

Corr. Steel and Iron Sheets and Plates, 35-46 
Durability, 147-177 

frost heaving, 309 
guardrail, 43-45 
Hydrology and Hydraulic 
Capacity, 195-293 
Installation Costs, 179-193 
Internal Pressures, 32-34 
Loads and Earth Pressures, 5-31 
Pipe, Arches and Pipe-Arches, 55-63 
Pressures in deep bins, 422 
Seams and joints, riveted and bolted, 47—54 
Soil Studies, 295-310 
Tests on Corrugated 

Metal Products, 55-63 
Underground Conduits, Appendix A 
Retaining wall 

<*ost to install, 192 
drainage of, 378, 380, 454 
durability, 176 
Design, 378-388 
hcadw'alls .as, 259 
installation considerations, 388 
landslide remedy, 356 
metal, 367, 381 
purposes, 379 
types, 380 

Revetment (see Riprap) 

Rigid type of culvert or conduit (see also 
C’oncrete, (^ast iron. Vitrified clay) 
bending moment, 57-59 
definition, 7, 68 
degree of, 11 
design, 69 

durability rating, 151 
encasement, 463 
Riprap, 243, 245, 264, 360, 367 
Rise/span ratio, 87. 90-93 
Risers, 255, 349, 368 
Riveted joint tests, 48 
Riveting, 72, 372 

Roadbed drainage, 250-255, 317-329 

Roads & Streets (magazine), 21 
Rock cuts, drainage, 321 
Rock foundation, 437 
Roller gates, 485 

Roughness coefficient, 208, 222, 271 

Runoff 

airport runways, 312, 349-352 
computations, 200, 313 
critical rate of, 195 
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Runoff—Continued 

Rainfall and, 195'-205 

storm sewer, 260 
subsurface, dl2-313, 352 
surface, 250-25.5 
Hun ways, airport, .346 
liupture, modulus of, 38 


Saddle-branch, sewer, 286 
Safety 

aviation, 344 
fact»>r of, 

capacity, 224, 225, 231, 233 
streri|;tii, 68, 70, 81 
pedestrian, 397 
traffic, 248, 252, 291, 317, 407 
Salt water service, 163, 109 
Salvage, 193 

Sandbox strength test, 59 
Sanitary sewers (see Sewers) 

Sand bag head walls, 264 
Sand drains, vertical, 318, 319 
Santa I'e Railway, 159, 326 
Scheer, A. C.; bin pressures, 431 
Schlick, W, ,J.; load research, 7 
Schwab, G, ().; subdrainage research, .3.39 
Scobey, Fred C.; hydraulicrs, 207, 273 
Scour (see Erosion, Undermining) 

Seams 

liner plate, research, 51-53 
bolted, research, 47-50 
riveted joint, strength, 48 

watertightness, 372 
soldered, 369 

Section modulus, 36, 37, 78, 390, 402, 481 
Sedimentation, 245, 359, 487 
Seepage (see also Infiltration, Percolation) 
cut section, 320, 325 
detection, 306 
fill softening, 320 
interception, .308, 436 
landslide cause, .357 
longitudinal, 321 
prevention, 259, 486 
sidehill, 319 

Sele(;tion (see also Design) 
corrugated metal, 69 
subdrains. .313 
types and materials, 65, 68 
type of sewer, 265 
Septic tanks, 289 

Serafin, C. J.; culvert research, 158 
Service 

conditions (see Culvert and Sewers) 
life (see Durability) 

Settlement (see also Landslide, Shrinkage, 
Tamping) 

embankment, 319, 446, 488 
foundation, 67 
research, 8, 18 
retaining wall, 471 


Settlement— Continued 
soil, 6 

structures, 150, 151, 245 
Sewage 

domestic, 171, 267, 268 
industrial, 171 

quantity, storm and sanitary, 265-268 
treatment plants, 267, 289 
Sewers (see also Sewage) 
aerial, 144 

Appurtenances, 281-290 
durability inspections, 162—163 
Hydraulics of, 269-280 
loadings and gages, 118-123 

maintenance, 290 

Multi-Plate, 120-123 

outfalls. 288 

sanitary, 170, 280 

separate vs. combinetl, 171, 265 

service conditions, design for, 170, 171 

Size Determination, 265-268 

storsn (see Storm sewer) 

Shafer, George E, 21, 57, 70, 158 
Shape of 

arches. 86, 87, 94 
conduits, culverts, 224-240 
tunnels, .399 *4(^1 
Sharp airport engineering, 354 
Shaw airport engineering, 354 
Shear, failure of joints, 48 
Sheeting, corrugated steel, 389-396 
culvert cutoff wall, 261 
ditch check, 363 
durability, 177 
erosion protection, 367 
physical properties, T47-3, 390 
soil-saving dam. 367 
installation instnnrtions, 473-476 
Sheet metal (see also corr. metal) 
specifications, 72 77, 173 
Sheet piling (see Sheeting) 

Sheffield guardrail, 43 

Sheldon, A. durability, 1.53 

Sherman. Chas. W.; hydraulics, 271 

Shoulders, 251, 252, 311 

Sidehill seepage, 319 

Side r^iad ciulvort, 248 

Side support, 70 

Silencer, jet engine, 419 

Silt (see Sediment) 

Single vs. multiple opening, 238 
Siphon, 32, 249 

Size of waterway opening (see also Capacity) 
airport surface intenreptors, 349-352 

Size 

airport storm drains, 349-352 
bridges, 236 

corrugated metal pipe, T8-4, 74 

corrugated metal pipe-arches T8-6, 77 

Design of Culverts, 224-240 

ditch, 206-211 

drop-inlet culverts, 234 

levee culverts, 486 

Multi-Plate arches, T8-14, 90-93 
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Size—Continued 

Multi-Plate pipe, T8-10, 80 
Multi-Plate plates, T8-8, T8-9, 79 
Multi-Plate pipe-arches, T8-11, T26-7, 
84, 237 

part circle culverts, 292-293 
reduction by silting, 245 
by threading, 467 
sewers, 265-268, 272-280, 349-352 
spillway notches, 365 
Mubdrains, T37-1, 312, 316 
water control gates, 376 
Skew, 243, 247 

Slack, S. B.; Ga. Hy. Dept., 148 
Slater, C. S.; subdrainage, 339 
Slide gates, 377, 483 
Slope (see also Grade) 

conversion, T65-10, 497 
critical (hydraulic), 215, 222 
culvert, 230, 244, 245 
einbankment, 251 
erosion, 359, 367 
repose, of, 30, 211 
sower, 272-280 
subdrain, 310, 325, 338 
watershed, 220, 351 
Slow orders, 189 
Sluiceway, 372 

Smith, liockwell; railroad, soils, 29, 305 
Snow, properties of, T65-7, 495 
Sod,sodding 

erosion prevention, 243, 359 
iinperviousness factor, 201 
landing held, 346 
Soft fills, 320 
Soil, 295-310 
airport, 345 
alkali, 156 

analysis (see Soil Studies) 
bearing value, 302, 323 
<*apillarity, 301 

characteristics, 295-297, 301-303 
classification T36-2, T36-3, 296-300, 304 

Conservation, 359-370 

<'orrosion, 167-171 

einbanknients and foundations, T36-5,302 
grain size, T36-1, 297 
highway subgrades, T36-4, 3(K) 
identification procedures, 298 
liquid limit, 300 

moisture retaining capacity, 307-310 
movements (see Landslides, 

Settlement, etc.) 
plasticity, 300 
sampling for jacking, 456 
saving dam, 367-370 
Studies, 295-310, 311 
bibliography, 310 
surveys, 345, 357, 456 
texture, 296-300 
Spacers, bin-wall, 385 
Spacing 

bents, for pipe, 145 
multiple culverts, 486, 489 


Spacing—Continued 

subdrains, T41-2, T41-3, 337, 352 
Span (see Multi-Plate arches and pipe- 
arches) 

Spangler, M. G.; load research, 7, 8, 10, 18, 
55-56, 70, 103 
soil engineering, 196, 297 
Special Drainage Problems, 340-377 
Specifications 

design and fabrication (strength), 70 
for corr. metal drain, struct., T8-2, 71 
Spelter, 81, 150, 161, 163, 173, 175 
Spillway 

ditch (checks), 365 
open (flume or apron), 245 
pipe, 245, 257, 342 
soil-saving dam, 368, 370 
Spindler, W. II.; durability, 158 
Spokane, Portland & Seattle Ry., 239 
Springs, 307 

Squares of numbers, T65-17, 503-504 
Square roots 

decimal numbers, T65-19, 506 
whole numbers, T65-17, 503-504 
Stabilization, 

cut slopes, 320, 325 
Roadbed, 295, 302 
Stadium drainage, 331 
Stahl, B. M.; grain storage, 431 
Station platform drainage, 326 
Steelox panel, perforated, 419 
Steel reinforcement, area, T65-24, 510 
Stock pass, 398 
Storage Bins, 420-431 
Storm Sewers (see also Sewers) 
airport, 346 
capacity, 272-280 
life expectancy, 167 
runoff, 266-267 

service conditions, 162-163, 170, 174 
size, rational method, 266 
submerged outlet, 269 
Storms, intensity of, 196 
Strain gage 

Stream Enclosures and 

Sewers (see also Ditch 
enclosure), 253, 265, 345 
Street drainage, 291-293 
Street subdrainage, 329 
Strength 

beam, 38,41,44, 45,61 

bolted joints, 48-54 

cantilever, 245, 335 

column, T15-2, 144-145 

corrugated steel sheets and plates, 35-46 

design for 

airport drains, 353 

Design, pipe, arches, pipe-arches, 65-145 

Fowler test, 59 

guardrail joints, 54 

increase by strutting, 82 

inherent, 55, 70 

liner plate joints, 51 
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Strength—Continued 

materials, Tr)5-22, 509 

Multi-Plate arches, 26-27 

Multi-Plate bolts, 49-50 

Multi-Plate pipe, 38-43 

Multi-Plate seams, 49-50 

nestable pipe seams, 54 

part circle culverts, 291 

Pipe, Arches and Pipe-arches, 55-63 

Research on Loads and Earth Pressures, 5-31 

riveted seams, 48 

Talbot test 

corr. metal pipe, 59 
rigid pipe, 57-59 
torque, of bolts, 49 
tunnel liner plates, 402 
Stringers, bin-wall, 385 
Strin‘tural deterioration, 150-152 
Structural plate (vs. Multi-Plate), 14, 404 
Struts for trench sheeting, 393 
Strutting 

costs, 188 
effect of, 82, 443 
gages required, 107-127 
installation instructions, 443-445 
Sub base under, 

pavement, 304, 318, 320, 346 
running track, 332 
Subdrains 

capacity of, 312 
design of, 311-316 
kinds of, 313, 338 
spacing of, T41-2, T41-3, 337 
strength, airport, 138 
Subdrainage, 294-339 
Agricultural, 333-339 
airport, 352-354 
bridge abutments, 343 
definition, 311 
design of system, 311-316 
durability, 176 
fill foundations, 436 
Highway, 317-322 
instructions, 452-454 
pipe, 138, 313, 315, 316 
Railway, 323-328 
retaining walls, 471 
Subgrade 

research, 300-306 
soils, T36-4, T36-5, 300, 302, 304 
Submerged outlet, 232-233, 244, 269 
Subsidence (see also Landslides, 

Settlement), 319, 320 
Subsoil (see Soil) 

Subsurface (see also Subdrainage) 
runoff, 312-313, 352 
Subsurface Drainage, 294-339, 357 
Superloads (see Loads) 

Supervision costs, 190 
Surface loads (see Loads) 

Surface water 

airport, 344, 345 

bridges, 342 

culvert design, 224—249 


Surface water—Continued 
highway drainage, 250-253 
open channel design, 206-211 
railroad yards, 326 
railway drainage, 254-255 
removal, 224, 265, 357 
street drainage, 291 
Surge bins, 420 
Surveys 

aerial, drainage, 225 
engineering, 344 
soil, 305, 334, 357, 456 
Swamps, 163, 169, 436 


T 


Tables (see subject in question) 
Conversion, 491-497 
General, 498-511 
Talbot, A. N. 

culvert formula, 226, 229, 236 
rainfall formula, 207 
strength tests, 57, 59 
Tamping (see also Biu-kfill) 
effect, of, 6, 81 
equipment, 447 
methods, 67 
rooin for, 441 

Tank, water, bottomless, 431 
Temporattire equivalents, T65-7, 495 
Tennessee Highway Department 

durability investigations, 148 
Tennis court drainage, 330 
Tensile, high strength bolts, 49 
Tension tests on bolted joints, 51 -54 
Terminals, railroad, 328 
Terracing, 359, 367 
Terzaghi, Karl 

subgrade research, 31, 310, 355 
Tests (see Research) 

Texture (see Soil) 

Theory of Criticral Flow, 212-223 
Theory of loads, 5, 7, 70, 421 
Theory of statistics and probability, 196 
Thickness, (see Gages) 

Thornburn, T. H.; foundations, 310 
Threading Failing structures, 467 
Three-edge bearing, 57 
Timber head walls 
Timbers 

jacking, 459 
strutting, 444 
Time 

effect on loads, 11, 14, 25 
measure, units, T65-7, 495 
of concentration, 198, 200, 350 
Tooles, C. W.; bin pressures, 431 
Tools, 188 

Torque strength of bolts, 49 
Track 

drainage, railway, 254-255, 323-328 
race, running, 332 
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Traffic interference (see also De¬ 
tours, Slow orders), 188-189, 238, 

455, 403 

Train delays, 189 
Transportation 
costs, 181-182 
Kates and pipe, 486 
Transverse forces, 30, 341 
Transverse sections, bin-wall, 384 
Trautwine, J. C.; freezing pressure, 31, 211 
Treinrh 

bottom for subdrains, 313, 452 
condition of installation, 118-123 
sealed top, 314 
slieeting, 3<S9, 474 
Trenching costs, 182-1S4 
Trestle rei)lacemcnt, 239, 450, 408 
Tribble, J. F.; Ala. load research, 21 
Trickling filters, 431 
Trigoriometrict 

formulas, T05-13, 500 
functions, T05-12, 499 
Truck, weights, 105 

transportation costs, 182 
Tubing, perforated, 358 
Tunneling, 357, 406 

ins true tion s, 402-404 
Tunnel liner plate 
gages, 140-143 
stabilizing fill, Frie lili, 327 
Tunnels, service, etc., 397-406 
Turnpikes (see also Expressways & 
Parkways) 

Now Jersey, traffic, 105 
Dklahoma, design, 171 
Pennsylvania, culverts, 155 
West Virginia, 358 

Two-tliirds poweis of numbers, T05-18. 505 
Types (see Flexible, Pigid) 


U 

PnderdraiTiage (see Subdrniiiage) 
Tbidermining 

backslopes; side ditch, 359 
prevention, 25S 
subdrain outlet, 335 

Underpasses, cattle and pedestrian 
design, 397-406 

liner plate, ellii)tical, T14-4, T14-5, 143 
Tbiion Facific Pnilroad, 17 
Pnited Steel Fabricators, Inc., 38, 45 
I'nits, equivalent. 491-495 
V. S. .\ir I'orce, 134 
V. S. Army, 133 
P. S. Bureau of Alines, 415 
V. S. Bureau of Publii^ Hoads, 7, 38, 56, 

71. 108, 14S, 155, 224, 232, 296, 

300, 304 

XT. S. Bureau of Heclamation, 177, 206, 

210, 297, 444 

IT. S. Bureau of Soils, 296, 314 

IT. S. Bureau of Standards, 147,150, 167,171 


U. S. Dept, of Agriculture, 200-205, 273 
U. S. Engineers, Corps of, 9, 27, 71, 133, 
186, 190, 297, 304, 349, 373 
IT. S. Geological Survey, 225, 228, 310, 334 
XJ. S. Gvmt. Printing Offices, 257 
XJ. S. House of Representatives, 171 
XT. S. Navy, 135 

XT. S. standard gages, T65-20, 507 
XJ. S. Waterways Experi. Sta., 27-28, 314 
U. S. Weather Bureau, 197-199 
XJtilidor, 5, 402 


V 

Valve (see Drainage gate) 

Vawter, Jamison, 38 
Vegetation, erosion prevention, 360 
Velocity of flow 
critical, 212 223 
culverts, 224, 226-233 
head of ar)proach, 214, 269 
permissible in canals, 207, 210 
relative, in circular conduits, T33-4, 280 
sewers, 278-280 

Ventilation, mines, tunnels, etc., 41 5-419 

Vertical sand drains, 318, 319 
Vibration, 23, 135 
Vitrified clay pipe 

coefficient of roughness, 271 

design, 69 

strength, 7 

subdrains, 271, 454 

weight, 183 

Volume, equiv'alent units, T65-3, 492-493 


W 

Wales for steel sheeting, 393-396 
Washout (see XTndermining) 

Water (see also Moisture) 

chemical characteristics, 168-171 
kinds, 307 

methods of tracing, 306 
pockets, 305, 324 
sources, 196, 307 
Water control gates, 376 
Water Resources Review (ITSGS), 228 
Watershed 

area, 200, 225-229, 234, 236, 266, 313 
charncteristi(‘s, 200, 265, 344 
Water table (see also Ground water), 

319, 321, 347 

Watertight (see also Infiltration) 
bin structures, 431 
corrugated metal pipe, 33, 368, 372 
eouplings, 75, 286, 287, 369, 439 
drainage gate, 374 
Hel-Cor pipe, 34 
sewers, 268, 270, 288 
sheeting, 389 
siphons, 32, 249 
Waterway (see Size of opening) 
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Wear (see Erosion) 

Weepholes, abutment, 343 
Weight (see also Load) 
airplanes, 134 
bridge plank, 481 
construction materials, 181, 508 
Multi-Plate arches, T8-13, 88 
Multi-Plate sections, T8-0, 79 
Multi-Plate pipe, T8-l(), 80 
Multi-Plate pipe-arches, T8-12, 85 
part circle culverts, 292 
pipe, various kinds, T22-1, 183 
pipe, galv. corr. metal, TS-3. T(»5-25, 73, 
511 

Asbestos-Bonded, 74 
bituminous coated, 74 
pipe-arches, TS-O, 77 
shooting, corrugated, 390 
standard gage sheets and plates, 73 
tunnel liner plates, 402 
units, equivalent, Tn5-4, 493 494 
Weir, 305 

Welborn, J. Y.; culvert rosoarch, 158 


West Virginia State Pd. (\>mm., 356 
Woht Virginia, rnivorsity of, 154 
VVesteru tConstruction magazine, 459 
Wot ciV, 320, 325 
Wette<l pe,41110101*, 2tH), 351, 511 
White, H. L.; bridge dock rosoarcli, 46 
Width of trencli, 183, ISt 
Widtsoo, J. A.; soil moisture table, 339 
Wilson, W. M.; bolted structures, 54 
Winfrey, Hoblo.x ; load research, 29 
Wisconsin. Pnivorsity of. 3(i5 
Wolford, 1). S.; bridge (le<‘k re.sear/‘h, 46 
Woodward, S. M. 

flow research. 214, 231 
Wrenches, impact, 49 
Wright-Pattei.son Air Force Base, 131 


Y 

Yanis, railroad, 320 

Yainell D. L.: rainfall and flow research, 
201 



